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ABSTRACT 


This  report  sununarizes  the  current  status  of  experimental  and  theoretical  studies  which  address 
fundamental  and  applied  aspects  of  electrochemistry  in  colloids  and  dispersions.  The  range  of 
such  microheterogeneous  fluids  examined  includes  micellar  solutions,  microemulsions, 
emulsions,  latexes,  and  dispersions  of  solids  in  liquids.  Several  broad  subtopics  are  described. 
These  topics  include  electroanalytical  methods  and  applications,  solute  distribution,  diffusion, 
and  transport,  electrosynthesis  and  electrocatalysis,  polymers  and  latexes,  and  colloidal  metals 
and  semiconductors. 

This  report  is  presented  in  three  volumes,  I,  II,  and  in. 
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ABSTRACT 

A  voltammetric  study  of  a  series  of  differently  substituted  benzendiols  has 
been  carried  out  in  aqueous  anionic  micellar  solutions.  The  partitioning  of  the 
probes  between  the  bulk  aqueous  and  the  micellar  pseudophase  affects  both  the 
observed  currents  and  the  half-wave  potentials.  The  results  are  discussed  in  terms  of 
probe-aggregate  interactions  and  compared  with  kinetics  of  electron  transfer 
reactions  invob  ing  benzenediol/quinonc  couples. 


INTRODUCTION 

Benzenediols/quinoncs  redox  equilibria  play  a  prominent  function  in  living 
systems  through  their  ability  to  undergo  electron  transfer  processes  (1).  This  role  is 
fundamental  in  energy-transforming  processes,  e.g.  photosynthesis  (2),  as  well  as  in 
the  function  of  vitamins  like  vitamin  A,  E,  D  and  K.  In  other  fields  it  can  be 
highlighted  that  many  organic  dyes  contain  quinonoid  structures  and  that 
benzencdiols  are  a  commercially  important  case  of  classical  organic  developing 
agents  in  ilie  photographic  process  (3). 

Since  many  of  these  electron  transfer  reactions  occur  at  the  membrane 
interfaces  or  in  dispersed  systems  like  emulsions,  the  investigation  of  the  influence 
on  the  electrochemical  reactions  of  molecular  structured  assemblies  originating  from 
self  aggregation  of  amphiphiles  molecules  (micelles,  microemulsions)  (4)  can  give 
insight  to  the  mechanisms  operating  in  these  systems. 
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EXPERIMENTAL  SECTION 


Materials. 

The  investigated  benzenediols  are  reported  in  Chart  I.  AH  compounds  but  Q6 
were  obtained  from  Aldrich  and  recrystallized  before  use.  06  was  a  gift  from  3M- 
Italia.  Sodium  Dodecylsulphate  (  SDS.  Fluka)  was  also  doubly  recrystallized  from 
ethanol. 

Apparatus  and  Procedure. 

Voltammetric  measurements  were  performed  with  Amel  mod  472  polarograph, 
using  glassy  carbon  (GCE),  saturated  calomel  (SCE)  and  platinum  electrodes  as 
working,  reference  and  auxiliary  electrode,  respectively.  Experiments  were 
performed  in  the  range  of  SDS  -  0.0 15-0.2  M,  NaCl  0-0.10  M  or  K.2SO4  0.10  M, 
with  probe  concentration  of  I.S-.^.OxlO"'^  M  at  rotation  rate  of  GCE-  3000  rpm.  A 
10%  precision  was  easily  attainable. 

Methods  and  Results. 

In  the  reported  experimental  conditions  all  the  voltammograms  show  only  one 
wave  for  the  oxidation  process  of  the  quinols.  In  the  rotating  disk  electrode 
voltammetry,  the  limiting  current  ij  is  given  by  the  equation  (5): 


Ijj-  0.62  n  F  A  £>2/5  V  C  (1) 

where  n  is  the  number  of  electrons  e^rhanged  in  the  electrode  reaction,  F  is  the 
Faraday,  A  is  the  electrode  surface  area,  D  is  the  diffusion  coefficient  of  the 
electroactive  particle,  v  is  the  kinematic  viscosity,  0  is  the  angular  velocity  and, 
finally,  C  is  the  concentration  of  the  probe  in  the  bulk  of  the  solution. 

The  applicability  of  cq,(l)  to  bcn^cncdiols  reported  in  Chart  1  in  the  presence 
of  micellar  systems  was  checked  by  following  the  dependence  of  i^j  on  ^nd  C. 
The  results  are  reported  in  Fig, la  and  lb  for  the  compound  Q3.  Analogous  plots 
were  obtained  for  the  other  investigated  diols.  The  proportionality  of  the  limiting 
current  to  ^hows  that  diffusion  control  of  the  electrode  reaction  takes  place  in 
the  micellar  system  under  study. 


DISCUSSION 


Th«  half  wave  poieittial  for  the  reversible  two-cIcction  oxidation  of  QH2  to  Q 
ure  loculed  at  about  200-500  mV  hifthat  with  rcepcct  to  SCE  potential  in  aqueous 
solution  (see  Table  T)  (6).  In  micellar  solutions  limiting  currents  arc  also  proporiionul 
to  the  dioi  concentration  as  shown  in  Fig. lb.  The  dependence  of  on  the 

surfactant  concentration  is  shown  in  Fig.2. 

The  presence  of  micellar  aggregates  creates  tt  tniCrodomain  with  which  an 
organic  probe  interact  on  the  basis  of  electrostatic  and  hydrophobic  forces  (4).  The 
probes  depicted  in  Churl  1  are  expected  to  have  different  interactions  with  ionic 
micelles.  These  can  be  grouped  as  follows;  (i)  non-associating  probes,  c.g.  Qi;  (ii) 
probes  partitioned  between  aqueous  and  micellar  pseudophase;  (iii)  comptetcly 
associated  probes,  e.g.  Q5.  The  electrochemical  properties  of  the  different  groups  are 
than  axpocted  to  be  influenced  by  anionic  micelles  in  remarkably  different  ways  (7- 
13). 

When  the  probe  ■$  completely  .solubilized  in  the  micelle  (i.e.  QS),  the  diffusion 
coefficient  D  in  ea.(l)  would  correspond  to  the  micelle  diffusion  coefficient,  when 
the  probe  does  not  interact,  virtually  no  effect  due  to  the  presence  of  aggregates  is 
oh.servad  (i.e.  Ql).  In  the  case  that  the  probe  is  partitioned  between  equenu.s  and 
micellar  pscudophases.  the  diffusion  Current  •$  the  sum  of  two  contributions, 
namely: 


-  f^  0^2/3  +  f„  D„2/3  (2) 

where  is  the  measured  diffusion  coofficient,  and  P*  are  the  diffusion 

coefficient  of  the  fiee  probe  and  of  the  micelle,  respectively,  and  f  is  the  fraction 
of  probe  in  the  aqueous  (w)  and  micellar  (m)  pseudophases,  Kecently,  the  effect  of 
various  parameters  and  the  applicability  of  ea.(2)  to  the  mea.surement  of  diffusion 
coefficients  of  the  aggregates  have  been  extensively  discussed  (14-20).  SPS  based 
micelles  and  microomulsions  have  been  deeply  investigated  and  the  diffusion 
coefficients  thus  evaluated  have  been  compared  with  those  determined  tbrougli 
different  techniques  (16.17.19.21). 

Since  f  depends  on  the  totul  surfactant  concentration,  a  dependence  of  the 
diffu.sion  Current  on  SDS  concentration  is  expected.  Measurements  for  probes  Q2-QS 
are  reported  in  Fig.2  and  show  the  behavior  predicted  by  cu.(2).  Inieresi ingly,  for  a 
strongly  interacting  compound  such  os  Qs  in  anionic  micelles,  the  diffusion  current 
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is  quite  small,  underlining  that  the  probe  is  barely  available  to  the  electron  transfer. 
Similar  results  have  been  obtained  for  the  reaction  of  hydrated  electrons  with  the 
Strongly  associated  vitamin  K.  in  SDS  micelles  (22). 

The  voltammetric  measurements  also  allow  the  estimation  of  the  half-wave 
potential  of  the  electroactive  species  (5).  The  interaction  of  the  probe  with  the 
aggregate  is  expected  to  change  the  availability  to  the  electron  transfer  process.  The 
main  factors  influencing  the  measured  Ej^  are  the  surface  potential  of  the  micelle 
and  medium  effects  (  polarity,  viscosity)  due  to  the  microenvironment  in  which  the 
probe  is  located.  All  these  factors  can  be  accounted  for  in  the  partition  coefficient 
of  the  oxidized  and  reduced  probe  between  the  two  pseudophases.  By  using  the 
Nerst  equation  at  the  electrode,  in  the  case  of  a  solute  partitioned  between  water 
and  micelles,  from  eq.(l)  and  (2),  the  half-wave  potential  Ej^  ,pp  is  given  by: 


E^..pp  =  +  -  In - - - —  (3) 

nF  (D,,2/3+D.2/3k^,C,) 

where  &nd  are  the  partition  coefficient  for  the  oxidized  and  reduced  probe, 
respectively,  Dox  and  Dfffi  are  their  diffusion  coefficients  in  water,  E*’,,  is  the 
formal  standard  potential  in  (he  medium  conditions  used  (salt  and  pll)  and  is  the 
concentration  of  micellized  surfactant.  From  eq.(3)  it  can  be  easily  seen  that  in  the 
limit  of  Cj->0,  Ejj  ,pp->Ejj  or  alternatively,  that  when  Kpx,Kp,j->oo  , 
£]^  ,pp->£^  p.  By  combining  these  two  asintotic  formulas,  eq.(4)  is  obtained; 


RT  (DHd'*'’K„-d) 

Ett.m  =  +  —  in  -  (4) 

nF  (Dox-2/3K„J 

Equations  (3-4)  assume  a  fast  exchange  of  the  probe  between  aqueous  and 
micellar  pseudophases,  thus  ensuring  that  a  single  wave  is  observed  as  in  the  present 
case. 

The  effect  of  micelles  on  electron  transfer  involving  single  electron  transfer, 
such  as  Mv2+/MV+-  (MV-methylviologen)  (25),  Fc^Fc  (Fc*ferrocene)(26),  Q/Q* 
(Q-quinone)(22,24),  MPTZ+7MPTZ  (MPTZ»N-methylphenothiazine)(27)  has  been 
extensively  reported  and  discussed  in  term  of  association  to  aggregates  and  medium 
influence. 
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An  equation  similar  to  eq.(4)  has  been  derived  and  applied  to  systems  in 
which  both  forms  interact  with  the  aggregates,  such  as  in  anionic  micelles. 

The  shift  toward  more  anodic  potentials  has  been  assigned  to  a  higher  value  for  the 
binding  constant  of  MV+  with  respect  to  Mv2+,  in  spite  of  the  higher  electrostatic 
interaction  of  the  latter.  The  more  hydrophobic  character  of  MV  ”*"  has  been  taken  as 
responsible  of  this  behavior  (25).  Simitar  effects  of  the  charge  on  hydrophobicity 
has  been  also  observed  in  the  MPTZ  VMPTZ  system  in  SDS  micelles  (27). 

In  the  present  case,  the  redox  equilibrium  involves  two  electrons  and  two 
protons,  according  to: 

Q  +  2  H+  +  2  e-  <->  0H2  (5) 

Fig. 3  shows  the  behavior  of  as  a  function  of  the  surfactant 

concentration  for  the  investigated  compounds.  As  for  no  effect  of  SDS 
concentration  on  Ejj.app  observed  for  non-interacting  or  completely  bound  probes 
(  fj/Bl  Or  f„=l,  respectively).  For  the  intermediate  situation  the  behavior  could  be 
tentatively  rationalized  in  the  light  of  eq.(3).  For  most  of  the  presently  investigated 
systems,  the  values  of  the  transfer  constant  from  water  to  micelles  for  QH2  arc 
available  (23),  but  few  data  are  reported  for  the  corresponding  quinone  structures 
(24).  Comparison  between  the  binding  constants  for  the  tetramcihylquinol  (K|.j(j»  30 
M"*)  (23)  and  the  corresponding  tetramcthylquinone  (Kqx^^xIO^  M"’)  (24)  suggests 
that  the  ratio  between  the  binding  constants  of  the  couple  Q/QH2  is  of  the  order  of 
3x10^  in  SDS.  Table  1  lists  the  binding  constants  indipendently  evaluated  (23)  for 
the  presently  investigated  QH2  compounds. 

Then,  simply  taking  into  account  the  above  considerations  on  the  binding 
constants  of  benzenediols  and  quinones,  a  different  trend  on  as  a  function  of 

surfactant  concentration  should  be  expected.  It  must  however  be  considered  that 
eq.(5)  represents  the  overall  process  that  involves  different  electron  and  proton 
transfer,  i.e.  in  the  present  pH  range 


QH2  ‘*‘  +  e"  <•>  QH2 

QH2  +  <=>  Q  ~  +  2  (pK2  «  4-5)  (7) 


Q  +  e*  <«>  Q  ‘ 


(8) 
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Proton  concentration  and  apparent  dissociation  constants  are  strongly 
influenced  by  the  micellar  microdomains  (32).  The  values  of  listed  in  Table  I 
are  thus  obtained  by  simple  extrapolation  to  high  surfactant  concentration,  when  the 
couple  can  be  assumed  to  be  largely  partitioned  in  the  micelle. 

The  value  of  Ejj  fui  the  equilibrium  (5)  appears  to  be  higher  nf  ca.  0.08-0J2  V  in 
the  micellar  medium  with  respect  to  the  aqueous  phase. 

For  the  present  systems,  comparing  the  values  with  those  obtained  when 
the  equilibrium  (5)  is  measured  in  95:5  v/v  ethanoirwater  (28,29),  the  increase  of  E* 
(formal  redox  potential)  in  the  presence  of  micelles  is  considerable. 

It  is  also  interesting  to  compare  the  kinetic  behavior  of  these  compounds  when 
they  arc  involved  in  electron  transfer  reactions  in  aggregates.  In  fact,  the  ratio  of 
the  specific  rate  constants  for  the  electron  transfer  between  inorganic  complexes, 
such  as  FeL3^‘‘'  (L«phenanthroline  or  bipyridil-like  ligands)  and  benzenediols  in 
water  with  respect  to  anionic  micelles,  is  only  slightly  higher  than  1  (30).  The 

rate  determining  step  was  shown  to  be  the  extraction  of  the  first  electron  (  with 
formation  of  QH2-'*’,  see  cq.(6))  and  to  be  related  to  the  variation  of  the  free  energy 
involved  (31).  This  means  that  the  specific  rate  constant  is  related  to  the  difference 
between  E'QHz'  VE'qhj*  'vhich  is  in  turn  directly  related  to  the 

difference  with  E*q/E*qh2  (31).  Since  E*FeL3^*^**  micelles  was  found 

higher  of  ca.  0.11-0.12  V  in  comparison  with  water  (13),  the  present  increase  of  E* 
for  Q/QHj  from  water  to  SDS  micelles  gives  a  reasonable  explanation  on  the  b.a5is 
of  the  free  energy  only,  for  the  similar  values  of  and  k„.  It  is  worth  noting  that 
in  a  medium  of  low  polarity,  such  as  the  micellar  interface,  the  reaction  rate  is 
lowered  (23),  thus  justifying  that  the  ratio  is  slightly  higher  than  1. 


CONCLUSIONS 

In  naturally  occurring  systems  or  in  industrial  processes,  electron  transfer 
reactions  mostly  occur  m  and  around  membranes  or  in  dispersed  systems.  In  these 
conditions,  physical  properties  such  as  dielectric  constant  and  electrical  field 
strength  change  in  very  short  distances.  Voltammctric  studies  of  probes  bearing 
different  hydrophobic  substituents  in  the  presence  of  micruaggregates  (micelles, 
microemulsions)  allow  to  obtain  some  useful  information  on  the  effect  of  the 
microscopic  medium  on  the  electron  transfer  properties  of  an  important  class  of 
organic  compounds,  such  as  quinones. 
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TABLES 


Table  I:  Electrochemical  data  and  binding  constants  Tor  benzenediols. 


probe 

binding  constant  K 
for  QH2,  M‘* 

Ql 

•  •• 

550 

... 

Q2 

3.5 

300 

380* 

Q3 

65 

290 

365* 

Q4 

no 

190 

345 

Q5 

0 

A 

— 

240 

Q6 

110 

320 

455 

*  estimated. 


CAPTION  TO  FIGURES 


Figure  ].  Plots  of  the  diffusion  current  against  the  square  root  of  the  angular 
velocity  (a)  and  against  the  concentration  of  the  probes  (b)  in  SDS 
micelles.  Conditions  arc  reported  in  the  Experimental  Section. 

Figure  2.  Plots  of  diffusion  current  as  a  function  of  SDS  concentration  for  the 
investigated  benzcnediols  shown  in  Chart  1. 

Figure  3.  Effect  of  the  SDS  concentration  on  the  half-wave  potential  of  investigated 
benzenediols. 
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The  Use  of  Cationic  Surfactants  in  Anodic  Voltammetric 
and  Coulometric  Analysis  of  Insoluble,  Difficultly 
Oxidizable  Compounds  in  Aqueous  Systems. 
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Thomas  C.  Fnuiklin,  Remi  Nikxiunele  and  Robert  C.  Duty 
Baylor  University,  Department  of  Chemistry,  P.O.  Box  97348 
Waco,Tx.  76798-7348 

Two  major  problem  areas  in  conventional  electroanalytical  chemistry  are  the 
analysis  of  difficultly  soluble  and  difficultly  oxidizable  or  reducible  substances. 

(1)  Difficuldy  soluble  substances.  There  are  many  compounds  such  as  minerals  that  are 
difficult  to  analyze  by  electroanalytical  methods  because  they  are  not  soluble  in  either 
aqueous  or  nonaqueous  system.  However,  more  common  are  compounds  that  are  iM)t 
soluble  in  one  of  these  types  of  solvents.  The  largest  group  of  compounds  in  this  class  are 
organic  compounds  in  aqueous  solutions.  Most  wganic  compounds  are  insoluble  in 
aqueous  systems  and  thus  electrochemistry  ol  organic  compounds  has  been  primarily 
limited  to  nonaqueous  solvent  systems. 

(2)  Difficultly  oxidizable  or  reducible  substances.  In  all  solvent  systems  there  is  a  voltage 
window  that  is  available  for  use.  Beyond  this  voltage  window  one  gets  destruction  of  the 
solvent  or  the  supporting  electrolyte.  In  aqueous  systems  on  the  arxxlic  side  one  usually 
gets  the  formation  of  oxygen  and  on  the  cathodic  side  one  gets  the  evolution  of  hydrogen. 
These  windows  limit  the  number  of  compounds  that  can  be  aiudyzed  electrochemically  in 
aqueous  solutions. 

Surfactants  have  been  shown,  in  a  number  of  cases  (1-6),  to  be  ctqiable  of 
overcoming  both  of  these  problems.  There  have  been  several  reviews  of  the  use  of 
surfactants  in  electroanalytical  chemistry  (7-13).  Surfactants  are  known  to  aid  in  the 
suspending  of  insoluble  substances  in  the  form  of  micelles  and  emulsions  and  this  has  been 
a  common  use  in  analytical  chemistry.  In  addition,  acting  as  hydrotropic  salts,  they  have 
been  used  to  increase  the  solubility  of  organic  compounds  not  only  for  analysis  but  also  for 
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synthesis  reactions,  such  as  the  commercial  dehydrodimerization  of  acrylonitrile  to 
adiponitrile  (14-16).  However,  the  property  that  has  been  of  most  interest  in  our  laboratory 
has  been  the  ability  of  surfactants  to  film  an  electrode  and  to  convert  it  from  a  hydrc^hilic 
surface  on  which  the  water  can  be  easily  electrolyzed  to  a  hydrophobic  surface  which 
inhibits  water  fiom  getting  to  the  electrode.  In  essence  on  an  electrode  coated  with  a 
hydrophobic  film  one  is  able  to  do  a  nonaqueous  electrolysis  in  an  aqueous  solution. 

Thus,  one  can  increase  the  potential  needed  to  oxidize  water  and,  by  increasing  the  voltage 
window,  one  can  increase  the  number  of  compounds  that  can  efficiently  be  oxidized  in 
aqueous  systems. 

The  effect  of  film  formation  on  voltammetric  curves. 

Addition  of  anionic  or  neutral  surfactants  to  aqueous  solutions  causes  cmly  slight 
changes  in  the  oxidation  potential  for  formation  of  oxygen  (1-3).  However,  cationic 
surfactants  increase  the  oxidation  potential  mailredly.  It  was  concluded  that  the  increase  is 
caused  by  the  presence  of  a  hydrophobic  film  formed  by  ion  pairing  of  the  surfactant  ions 
with  the  strongly  adsorbed  anions  on  the  anode  surface.  In  the  first  voltammetric  curve  the 
surfactant  undergoes  oxidation,  as  shown  by  an  oxidaticm  peak,  but,  after  several  oxidation 
voltage  sweeps,  this  large  oxidation  peak  decreases  to  a  small  steady  state  indicating  the 
formation  of  a  film.  This  hydrq^hobic  film  blocks  water  from  the  electrode  and  increases 
the  water  oxidation  potential.  In  the  case  of  Hyamine  2389  (predominantly 
methyldodecyltrimethyl  ammonium  choride)  the  increase  is  0.9v.  If  one  stabilizes  the 
Hyamine  2389  film  by  codepositing  it  with  polystyrene,  so  that  it  can  not  desorb  readily, 
one  observes  a  very  low  residual  current  and  the  decomposition  potential  of  water  is 
increased  by  another  0.7  v  (3).  These  films,  however,  are  only  held  to  the  electrode  by  the 
layer  of  adsorbed  anions,  and  if  one  sweeps  the  potential  in  the  cathodic  direction  one 
observes  a  desorption  peak  at  about  -  0.6v,  and  one  has  to  start  all  over  again  reoxidizing  to 
make  the  stable  film.  It  is  interesting  to  note  that  these  useful  films  have  oily  been  made 
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using  cationic  surfactants  in  the  study  of  anodic  reactions.  It  has  not  been  possible,  as  yet, 
to  develop  conesponding  surfactant  films  to  increase  the  reduction  window  for  cathodic 
reactions. 

This  increase  in  the  anodic  voltage  window  allows  one  to  do  voltammetric  studies 
in  a  potential  region  that  has  not  been  available  before  in  aqueous  solutions.  Fig  1  shows 
the  effect  of  Hyamine  2389  films  on  the  voltammetric  curve  obtained  for  the  oxidation  of 
benzilic  acid  on  a  platinum  anode  in  2M  sodium  hydroxide.  The  acid  is  soluble  in  this 
solution  so  that  the  observed  effects  are  attributable  only  to  the  filming  of  the  electrode.  It 
can  be  seen  that  without  any  surfactant  present  one  observes  no  oxidation  wave.  In  the 
presence  of  Hyamine  2389  alone  one  sees  two  distinct  waves  because  the  oxidation 
potential  for  water  has  been  increased.  In  fact,  since  the  itotmal  oxidation  potential  for 
water  in  the  sodium  hydroxide-Hyamine  system  is  about  1.6v,  it  is  evident  that  the  product 
formed  in  the  second  oxidation  wave  also  fcmois  an  insoluble  film  increasing  the  oxidation 
potential  of  water  further  to  about  2  volts.  In  the  Hyamine  polystyrene  system  the 
oxidation  potential  of  water  is  shifted  to  about  2.5v.  One  can  now  observe  3  distinct 
waves.  The  fact  that  styrene  acts  as  a  free  radical  trq)  however  shifts  the  potential  of  the 
waves.  The  surfactant  films  alone  and  with  the  stabilizing  polystyrene  greatly  increase  the 
number  of  compounds  that  one  can  study  by  voltammetric  techniques  (2,3). 

The  effect  of  the  surfactant  on  characteristic  oxidation  potentials. 

One  of  the  major  problems  that  has  existed  in  anodic  voltammetry  of  organic 
compounds  is  the  lack  of  an  electrode  system  that  will  yield  anodic  half  wave  potentials  that 
are  characteristic  of  the  oxidation  potential  of  the  organic  compound.  It  has  been  shown 
that  for  platinum  electrodes  (17)  the  oxidation  of  most  compounds  proceeds  through 
electrochemical  oxidation  of  the  platinum  followed  by  chemical  oxidation  ci  the  organic 
compourxi.  As  a  result  the  oxidation  potentials  are  clustered  around  the  two  potentials  for 
formation  of  platinum  oxides.  When  the  electrode  is  filmed  with  surfactant  one  sees  a 
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clustering  around  the  potential  of  oxidation  for  the  surfactant  (3),  indicating  that  the 
oxidation  of  a  number  of  compounds  occurs  by  electrooxidation  of  the  Hyamine  2389 
followed  by  a  chemical  reaction  with  the  organic  compound.  However,  it  was  also  found 
(3)  that  in  the  surfactant  systems  there  are  a  number  oi  the  waves  that  are  characteristic  of 
the  compound  indicating  that  this  type  a(  system  can  increase  the  number  of  compounds 
that  can  qualitatively  be  identified  by  voltammetry. 

Direct  voltammetric  analysis  of  sohds. 

Another  area  that  is  difficult  to  handle  by  conventional  electrochemistry  is  the  direct 
analysis  of  insoluble  solids  such  as  minerals.  Conductive  solids  can  in  some  cases  be 
fashioned  into  electrodes  (18-20)  and  some  studies  have  been  made  by  incorporating  the 
solid  in  wax  impregnated  graphite  electrode  (21,22)  but,  in  die  main,  electrochemical 
analysis  and  studies  of  solids  start  with  the  destruction  of  the  solid.  The  surfactant 
suspensions  furnish  a  method  of  studying  the  direct  electrooxidation  of  solids.  Again,  th^ 
introduction  of  the  surfactant  has  two  effects,  the  solubilization  of  the  solid  and  the 
inhibition  of  the  destrucdon  of  water.  In  order  to  separate  these  two  effects  two  type  of 
cells  were  used  (4-6).  One  cell  was  the  standard  three  electrode  bulk  cell.  The  other  cell 
was  a  two  electrode  sandwich  cell  in  which  the  woildng  electrode  was  a  platinum  foil 
electrode  on  which  was  placed  a  paste  made  from  the  insoluble  solid  and  the  supporting 
electrolyte  (IM  NaCl  or  2M  NaOH).  On  top  of  this  was  placed  a  filter  paper  moistened 
with  the  supporting  electrolyte  which  separated  the  cathode  from  the  paste.  This  was 
topped  with  a  silver/silver  chloride  foil  electrode.  The  effect  of  the  surfactant  in  the  bulk 
cell  is  a  result  of  both  solubilization  and  film  formation,  while  in  the  sandwich  cell  there  is 
no  solubilization  effect 

Fig  2  shows  a  typical  comparison  of  the  type  of  results  obtained  with  the  two  cells. 
It  can  be  seen  that  in  the  oxidation  of  molybdenum  diselenide  (MoSe2)  in  2N  sodium 
hydroxide  in  the  sandwich  cell  one  sees  only  a  small  wave  on  the  side  of  the  oxygen 
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evolution  wave  without  a  surfactant  (curve  A),  but  with  the  surfactant  present  one  sees 
three  distinct  waves  (curve  C)  (These  waves  have  been  shown,  in  order  of  occurence,  to  be 
caused  by  oxidation  to  (1)  MoC)2  +  Se;  (2)  MoOs  +  SeOy'^,  and  (3)  MoOs  +  Se04’2). 
However,  in  the  bulk  solution  cell,  even  though  the  surfactant  extends  the  voltage  range, 
one  sees  only  one  oxidation  peak,  ^parendy  in  the  oxidation  of  the  MoSe2  a  produa  is 
produced  in  this  one  peak  that  is  solubilized  in  the  surfactant  suspension,  and,  thus,  it  does 
not  remain  at  the  electrode  interface  for  further  oxidation..  On  the  other  hand,  in  the 
oxidation  of  galena  (PbS)  (5)  one  observes  four  waves  for  the  production  of  S,  PbSOs, 
PbSOa  and  Pb02,  both  in  the  bulk  and  sandwich  cells.  All  of  these  are  insoluble  and 
remain  on  the  electrode  so  that  one  observes  the  same  number  of  waves  in  both  sandwich 
and  bulk  solution  cells. 

Qualitative  voltammetric  analysis  oi  solid  systems  such  as  minerals  has  one  severe 
drawback.  When  trying  to  identify  one  ore  out  of  a  series,  as  for  example  would  be 
necessary  in  identifying  a  specific  sulfide  ore,  one  must  compare  a  series  of  sulfides  to 
determine  what  the  interferences  are.  However,  the  Hrst  oxidation  wave  destroys  the 
crystal  structure  and  from  that  pttint  on  one  observes  (Table  1)  essentially  the  same 
potentials  for  the  waves  for  the  oxidation  of  the  sulfur  species  in  the  sulfide  compounds. 
The  only  types  of  sulfrdes  in  which  one  can  observe  major  differences  are  cases  in  which 
the  metal  component  undergoes  an  oxidation  (6). 
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Table  I.  Half  Wave  Potentials  for  the  Oxidation  of  Several  Sulfides  in  the  Sandwich 
Cell.  Supporting  Electiiolyte-2N  NaOH,  Pt  Woridng  Electrode,  Ag/Ag  Cl 
Counterand  Reference  Electrodes. 


Half-wave  Potential  (V) 


Insoluble 

Sulfide 

S-2->So 

SO  ->S03*2 

S03-2->S04-2 

MnS 

0.40 

0.79 

1.86 

NiS 

0.63 

0.82 

1.83 

PbS 

0.52 

0.83 

1.13  * 

•The  product  in  this  case  is  the  insoluble  PbS04,  not  the  soluble  S04'2  therefore 
the  oxidation  potential  is  different 

Voltammetry  of  different  types  of  inorganic  compounds. 

Obviously  in  pure  ionic  binary  solids  such  as  the  previously  described  oxides, 
sulfides,  selenides  and  tellurides  (5, 6),  where  the  bonding  is  primarily  electrovalent  and 
the  electrons  have  been  transferred  from  one  element  to  the  other,  one  expects  to  be  able  to 
observe  waves  for  the  oxidation  of  the  reduced  anion  back  to  the  finee  element  In  many 
cases,  because  the  potential  range  available  is  so  large,  one  can  oxidize  both  the  cation  and 
anion  to  higher  oxidation  states.  Thus  in  the  MoSe2  case  (Fig  2)  one  can  observe  waves 
for  the  oxidation  to  higher  oxidation  states  of  molybdenum  and  selenium.  In  some  cases 
these  states  are  higher  than  are  normally  expected  to  exist  in  aqueous  solutions.  Thus  one 
can  form  nickel  (ID),  copper  (HI),  manganese  (HI),  barium  superoxide,  bismuth  (V)  and 
antimony  (V).  Some  of  these  are  quite  unstable  in  aqueous  solutions,  but  the  formation  of 
insoluble  compounds  and  the  presence  of  the  surfactant  inhibits  the  reaction  of  the  higher 
oxidation  states  with  water,  stabilizing  them  long  enough  so  that  they  can  be  utilized  in 
reactions  with  other  compounds  in  the  solution.  Thus  in  Fig  3  one  observes,  in  the 
oxidation  of  manganese  (II)  oxide,  two  oxidation  waves.  Coulometric  measurements 
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shows  that  the  number  of  faradays  per  mole  (n)  corresponds  to  the  formatitm  of 
manganese  (m)  in  the  first  wave  and  manganese  (IV)  oxide  in  the  second  wave.  Table  II 
shows  coulometric  values  obtained  for  the  formation  of  several  higher  oxidation  states. 

Table  II  Cbulometric  Values  of  the  Number  of  Faradays  Per  Mole  (n)  of  Compounds 
Oxidized  to  form  Higher  Metal  Oxidation  States  in  the  Sandwich  Cell. 

Avg.  Dev 


Reactant 

Major  products 

Theoretical 

n 

Experimental 

n 

From  Mean 

PbSe 

Pb02  +  SO4-2 

10 

9.65 

0.12 

NiS 

NiO-OH  +  S04*2 

9 

8.96 

0.13 

MnS 

MnOi  +  S04*2 

10 

9.97 

0.06 

M0S2 

M0O3  +  SC>3-^ 

14 

13.99 

0.12 

CuO 

(Tu  (HI)  oxide 

1 

1.03 

0.03 

MnO 

Mn  (m)  oxide 

1 

1.2 

0.1 

MnO 

Mn02 

2 

2.1 

0.3 

Ba02 

Ba02+ 

1 

0.91 

0.01 

With  nonionic  compounds  that  are  insulators,  where  the  electrons  can  not  readily 
flow  from  one  atom  to  the  other,  one  would  expect  to  observe  separate  oxidation  waves  for 
each  element  with  their  potentials  shifted  from  the  position  for  the  element.  This  is  what  is 
observed  with  silicon  carbide  (Fig  4).  In  cases  where  the  products  are  soluble  or 
conductive  one  can  do  coulometry  and  charactize  the  reaction.  In  cases  where  the  products 
are  insoluble  insulators  one  does  not  obtain  complete  oxidation  arrd  thus  the  coulometric 
experiments  are  meaningless.  This  is  true  with  silicon  carbide,  however  one  can  compare 
half  wave  potentials  and  get  an  idea  of  which  conponent  is  oxidized  in  each  voltage  region. 
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Quantitative  Analysis 

Once  one  has  obtained  a  voltammetric  curve  fcH*  a  compound  one  should  be  able  to 
use  the  height  of  the  voltammetric  peak  cx  wave  as  a  quantiuitive  measure  of  the 
concentration  of  the  substance  in  the  system  (2^3).  Fig  5  shows  typical  calibration 
curves,  indicating  that  this  is  possible. 

In  the  quantitative  analysis  of  solid  systems,  however,  a  complication  arises.  In 
studies  of  the  oxidation  of  galena  and  iron  pyrite  when  the  surfactant  concentration  was 
above  the  critical  micelle  concentration  (CMC)  (4,5)  plots  o£  the  height  of  the  major 
voltammetnc  peak  against  the  weight  of  solid  added  were  not  linear.  Instead  they  were 
composed  of  several  regions.  The  curve  at  higher  concentrations  of  the  solid  is  what 
would  nonnally  be  expected  from  a  situation  in  which  the  reactive  species  is  a  complex 
between  the  micelle  and  the  solid.  There  is  a  regu) ...  eventually  reaching  a  level  region. 
The  results  can  be  explained  with  a  .  ‘tnpie  Langmuir  adsorption  isotherm.  However,  at 
lower  concentrations  of  the  sol'd  there  is  a  periodic  rise  and  fall  in  the  curve.  This  was 
attributed  to  the  formation  of  surfactant  multilayers,  either  on  the  electrode  or  on  the  solid. 
The  rate  of  oxidation  varies  as  the  electrode  shifts  back  and  forth  between  a  hydrophilic  and 
a  hydrophobic  surface.  This  periodic  behavior  has  been  observed  in  several  heterogeneous 
processes  (24-27). 

One  can  develop  a  quantitative  method  of  analysis  fw  the  solid  or  for  oxnponents 
in  the  solid  either  by  using  the  latter  pan  of  the  curve  or  by  drc^ping  the  concentration  of 
the  surfactant  below  the  CMC  (28).  It  has  been  shown  that  the  technique  of  using 
surfactant  concentrations  below  the  CMC  can  be  used  for  the  analysis  of  lead  in  dried  paint. 
Below  the  C!MC  the  plot  of  the  height  of  the  peak  vs  the  ctmcentration  of  lead  in  the  solid 
paint  was  linear.  The  results  obtained  by  this  method  agreed  reasonably  well  with  results 
obtained  on  the  solid  paint  sample  using  X-ray  fluorescence.  At  present,  insoluble 
samples,  especially  solids,  often  must  undergo  an  extensive  pretreatment  process  in  order 
to  put  them  in  solution  for  analysis.  The  use  of  the  surfactant  suspension  would  be  a 


X 


9 


convenient  method  for  analysis  of  solids  in  that  all  that  is  necessary  is  to  grind  the  material 
to  a  powder,  suspend  it,  equilibrate  it,  and  then  run  the  voltammetiic  curve, 

Coulometric  analysis. 

Once  Oi  e  obtains  voltammetric  curves  one  can  then  select  potentials  and  make 
controlled  potential  coulometric  studies.  The  sandwich  cel!  has  shown  itself  to  be 
particularly  useful  for  these  studies  (4-6).  Since  die  size  of  the  sample  in  the  sandwich  cell 
is  quite  small  the  time  to  make  a  coulometric  study  is  much  less  than  the  time  needed  in  a 
bulk  solution  ceU.  Table  n  shows  coulometric  results  for  a  series  o[  solids  measured  in  the 
sandwich  ceU.  It  can  be  seen  that  the  method  gives  consistent  results  that  can  be  used  in  the 
study  of  the  oxidation  of  the  solids. 

Another  question  that  arises  in  coulometric  analysis  is  whether  one  can  separate 
different  reactions  that  occur  with  the  same  compound.  Table  HI  shows  results  obtained 
with  molybdenum  diselenide.  One  can  see,  that  controlled  potential  coulometric  studies 
give  results  that  agree  very  well  with  the  expected  results  from  the  reaction  showing  that 
one  can  readily  separate  the  reactions  in  this  system. 

Table  HI.  roulometrically  Determined  "n"  Values  and  Reactions  Associated  with  each 
Wave  in  the  Oxidation  (rf  Molybdenum  (TV)  Selenidc  on  a  Hyamine  2389 
Electrode. 


Wave 

# 

Average 

n 

Reactions 

Oxidation 

Potential 

(V) 

1 

4.0010.12 

MoSc2+40H-  ->  M0O2+2SCO+2H2O 

+4c-  0.83 

2 

13.9710.24 

MoSe2+180H-  ->  Mo03+2Se032- 

+9H20+14c 

1.80 

3 

17.8910.26 

MoSe2+220H  ->  M0O3+2SCO42+ 

IIH2O+I8C- 

2.17 

10 


Summary 

Because  of  the  ability  of  cationic  surfactants  to  solubilize  difficultly  soluble 
materials  in  aqueous  systems  and  to  increase  the  oxidation  potential  of  water  by  the 
formation  of  a  film  on  the  anode  it  has  been  possible  to  perform  anodic  voltammetric  and 
coulometric  analyses  of  insoluble,  difficultly  oxidizable  compounds. 
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USTOFHGURES 


Figure  1 .  Anodic  Voltammograms  oi  SxlO-^M  benzilic  acid  on  a  bright  pladnum 

working  anode  in:  A.  2N  Sodium  Hydroxide.  B.  Solution  in  A  with  1  ml 
of  50%  by  weight  Hyamine  2389  add»i  to  60  ml  of  solution.  C.  Solution 
in  B  with  1  ml  of  styrene  added. 


Figure  2.  Voltammetric  curves  for  tive  oxidation  of  molybdenum  selenide  (MoSe2)  in 
the  sandwich  and  beaker  cells.  A.  In  2N  NaOH  in  the  sandwich  cell;  B.  In 
2N  NaOH-Hyamine  2389-styrene  emulsion  in  the  beako*  cell;  C.  In  2N 
NaOH-Hyamine  2389  in  the  sandwich  cell;  D.  Residual  current  of  NaOH- 
Hyamine  2389  in  the  sandwich  cell;  £.  Residual  currem  of  NaOH- 
Hyamine  2389-styrene  in  the  beaker  ceU. 


Figure  3.  Voltammetric  curves  for  the  oxidation  of  MnO  in  the  beaker  cell;  A.  2N 

NaOH  only;  B.  2N  NaOH-DTAC  residual;  C.  B  +  0.5g  MnO.  Scan  rate, 
2mV/sec. 


Figure  4.  Voltammetric  curve  for  the  oxidation  of  silicon  carbide  SiC  in  the  sandwich 
cell;  A.  2N  NaOH-Hyamine  2389-styrenc  after  several  scans; 

B.  A  +  0.5  mg  SiC.  Scan  rate,  2mV/sec. 


Figure  5.  Current-concentration  plots  obtained  using  tht  Hyaminc-Polystyrene  filmed 
electrode  for  A.  p-Aminobenzoic  Acid,  and  B.  Adenine. 


Figure  6.  Voltammetric  calibration  curve  for  lead  in  paint  films.  The  peak  current 
density  plotted  as  a  function  of  added  lead  in  2N  NaOH-Hyamine  2389 
below  the  critical  micelle  concentration  (cmc). 
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INTRODUCTION 


Micellar  solutions  have  shown  promise  and  utility  for  a  wide  variety  of  applications. 
The  unique  amphiphilic  structure  of  surfactants  and  their  aggregation  properties  in 
aqueous  solution  provide  a  multifunctional  environment  for  the  solubilization  and 
partitioning  of  aqueous  soluble  and  insoluble  solute  molecules.  As  r.  result,  micellar 
solutions  have  been  used  in  many  areas  of  chemistry  for  analysis  (1-5),  the  control  of 
reactivity  (6),  and  as  models  for  biological  membranes  or  systems  (7).  Further 
advantages  of  micellar  media  can  also  be  envisioned  in  terms  of  their  cost,  toxicity,  and 
disposal  relative  to  an  organic  based  medium. 

Electroanalytical  measurements  have  also  benefitted  from  the  use  of  surfactant 
solutions.  Initial  applications  have  used  surfactants  to  enhance  the  selectivity  and 
sensitivity  of  quantitative  determinations  of  inorganic  complexes  (8,9),  and  for  the 
suppression  of  current  maxima  in  polarographic  measurements  (10).  More  recently, 
micellar  solutions  have  been  effectively  used  in  electrocatalysis  (11-14)  and  thin  film 
formation  (15-18). 

Our  research  has  focused  on  obtaining  electrochemical  data  in  aqueous  solutions 
for  aqueous  insoluble  inorganic  complexes,  and  in  particular  understanding  the  factors 
that  influence  the  electron-transfer  process  that  occurs  between  a  micelle  solubilized 
metal  complex  and  an  electrode  (19-20).  Initial  results  have  indicated  that  the 
voltammetric  behavior  was  very  dependent  on  the  (i)  surfactant,  (ii)  lipophillicity  of  the 
coordinated  ligand  environment,  (iii)  charge  of  the  complex,  and  (iv)  nature  of  the 
supporting  electrolyte  (19  The  influence  of  added  electrolyte  on  voltammetric 
measurements  has  prompted  this  more  detailed  study  on  the  effect  of  added  electrolyte 


on  electrochemical  and  spectroelectrochemical  measurements  of  [Re(dmpe)2Cl2]*  in 
dodecyl  sulfate  micelles. 

EXPERIMENTAL 

Materials.  [Re^dmpe}2Cl2]'^,  where  dmpe  is  1 ,2-bis(dimethylphosphino)ethane,  was 
prepared  as  the  PFg'  or  CF3SO3*  salt  by  a  literature  procedure  (21).  Sodium  dodecyl 
sulfate  (SDS)  from  Boehringer  Manheim  or  BDH  Laboratories  was  used  as  received  with 
identical  results.  Polarographic  grade  tetramethylammonium  perchlorate  (TMA*), 
tetraethylammonium  perchlorate  (TEA^),  tetra-r)-butylammonium  perchlorate  (TBA*),  and 
tetra-n-hexylammonium  perchlorate  (THA^)  were  obtained  from  G.  F.  Smith  Chemicals. 
The  electrolytes  were  dried  over  P2OS  in  a  vacuum  oven  for  approximately  4  h  at  80  °C. 
Orange  OT,  Solvent  orange  2[1-(o-tolylazo)-2-napthol,  was  obtained  from  Aldrich  and 
used  as  received.  Solutions  were  prepared  with  distilled  deionized  water  purified  by  a 
Barnstead  Organicpure  filtration  system.  All  other  chemicals  were  of  reagent  grade 
quality. 

Instrumentation.  Voltammetric  measurements  were  made  with  a  Bioanalytical 
Systems  Inc.  BAS-100A  electrochemical  analyzer.  Voltammograms  were  recorded  on  a 
Houston  Instruments  DMP-40  plotter.  The  potentiostat  for  the  spectroelectrochemical 
measurements  was  a  BAS  CV-1B.  The  potentials  were  monitored  in  the 
spectroelectrochemical  experiments  by  a  Keithley  178  digital  multimeter.  The  working 
electrode  for  voltammetry  was  a  glassy  carbon  electrode  (GCE  (BAS)),  while  the 
spectroelectrochemical  measurements  used  a  optically  transparent  thin-layer  electrode 
(OTTLE).  The  OTTLE  cells  were  constructed  with  1 00  wires/in  Au  minigrid  by  the  method 
of  DeAngelis  and  Heineman  (22)  An  aqueous  Ag/AgCI  (3  M  h!aCI)  electrode  (BAS)  and 


a  platinum  wire  were  used  as  the  reference  and  auxiliary  electrodes,  respectively.  All 
potentials  are  reported  versus  the  Ag/AgCI  (3  M  NaCI)  electrode.  Absorption  spectra 
were  obtained  with  a  Hewlett-Packard  8452A  UV-vis  diode  array  spectrophotometer, 
which  was  modified  for  incorporation  of  the  spectroelectrochemical  cell  and  an  inert  gas 
inlet. 

Methods.  Critical  micelle  concentrations  (cmc)  as  a  function  of  electrolyte  were 
determined  at  25  °C  by  the  solubilization  of  Solvent  Orange  OT.  At  each  electrolyte 
concentration  a  series  of  SDS  solutions  were  prepared  to  bracket  the  cmc.  To  the 
surfactant  and  electrolyte  solution,  an  excess  of  Orange  OT  was  added  and  the  solutions 
were  allowed  to  agitate  in  a  thermostated  shaker  bath.  After  at  least  36  h,  the  solutions 

were  filtered  with  0.45  pm  pore  syringless  filters  (Whatman)  and  the  absorbance  at  496 
nm  was  measured.  The  values  of  cmc  were  determined  from  a  plot  of  the  absorbance 

versus  the  surfactant  concentration.  Electrolyte  concentrations  were  as  follows:  TMA*: 
0.005,  0.010;  TEA^  0.0,  0.005,  0.010,  0.025,  0.050,  0.100,  0.150;  TBA^:  0.005,  0.010; 
THA^:  0.005,  0.010. 

Spectroelectrochemistry  measurements  were  conducted  by  established  procedures 
(23).  Each  spectrum  in  the  spectropotentiostatic  experiments  was  recorded  1 0  mins  after 
potential  application  to  ensure  equilibrium  values  of  [0]/[R]  in  the  thin-layer  cell.  The  GCE 
working  electrode  was  polished  with  alumina  between  electrochemical  measurements  to 
ensure  a  reproducible  surface.  Deoxygenation  was  accomplished  by  an  argon  purge  in 
the  voltammetric  measurements  at  the  GCE  or  by  reduction  of  Og  to  HgO  in  the  thin  layer 
cell.  0.1  M  SDS  solutions  with  the  appropriate  electrolyte  concentration  were  prepared 
for  voltammetry  and  spectroelectrochemistry  by  dilution  of  standard  stock  solutions.  The 


micelle  concentration  (24)  is  estimated  to  be  approximately  1.5  mM.  The  ratio  of 
[Re(dmpe)2Cl2]'^  to  micelle  was  maintained  at  approximately  1  for  all  solutions. 


RESULTS 

Voltammetric  Measurements  in  SDS.  Typical  Osteryoung  square  wave 
voltammograms  and  the  corresponding  cyclic  voltammograms  (0.1  M  SDS,  0.1  M  TEA"^ 
and  Na"^)  are  shown  in  Figure  1 .  The  peak  potentials  from  square  wave  voltammetry  are 
used  for  comparison  purposes  due  to  the  poorly  defined  cathodic  wave  observed  for  the 
Re(lll)  to  Re(ll)  reduction  in  several  cyclic  voltammograms.  These  results  are 
summarized  in  Table  I.  Cyclic  voltammograms  of  1 .5  mM  [Ro(dmpe)2Cl2]'^  in  0.1  M  SDS 
as  a  function  of  added  TEA^  are  shown  in  Figure  2.  The  peak  current  from  square  wave 
voltammetry  is  observed  to  increase  as  the  concentration  of  TEA"*^  increases. 

Spectroelectrochemical  measurements  were  also  performed  as  a  function  of 
electrolyte  in  0.1  M  SDS.  The  results  are  also  summarized  in  Table  I.  The 
spectropotentiostatic  reduction  of  a  1.5  mM  solution  of  [Re(dmpe)2Cl2r  in  0.1  M 
SDS/0.100  M  TEA""  is  shown  in  Figure  3,  and  is  considered  representative  of  the  series. 
Absorption  maxima  for  the  Re(lll)  complex  occur  at  408  and  436  nm.  The  Re(ll)  maxima 
are  shifted  to  higher  energy  and  are  observed  at  390  and  342  nm.  The  two  redox  states 
interconvert  about  an  isosbestic  point  at  399  nm,  which  indicates  the  chemical  stability 
of  both  redox  states  in  the  medium.  A  Nemst  plot  (22)  E^pp  vs.  log([0]/[R]),  for  the  data 
at  436  nm  in  Figure  3  is  linear  and  yields  E°  =  -0.598  V  and  n  =  1.03.  The  absorption 
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maxima  and  isosbestic  point  are  relatively  constant  (+1  nm)  for  each  TEA'^  concentration. 

DISCUSSION 

Electrochemistry  Characteristics  of  the  [Re(dmpe)2Cl2]*  Redox  Probe.  The 
electrochemistry  of  [Re(dmpe)2Cl2]*  in  nonaqueous  solvents  has  been  characterized  by 
two  reversible  one-electron  reductions  as  indicated  by  Eqns.  1  and  2  (25).  In  aqueous 
solution  [Re(dmpe)2Cl2]^  is  only  slightly 


[Re(dmpe)2Cl2]'^ 

+  e'  [Re(dmpe)2Cl2]° 

(1) 

[Re(dmpe)2Cl2]° 

+  e'  (Re(dmpe)2Cl2]' 

(2) 

soluble,  and  when  reduced,  [Re(dmpe)2Cl2r  precipitates  on  the  electrode  surface  and 
irreversible  electrochemistry  is  observed.  However  in  0.1  M  TEA"^  not  only  is  the  solubility 
of  the  cationic  form  enhanced,  but  the  electrogenerated  neutral  complex  is  stabilized  by 
the  presence  of  micelles,  and  thus  solubilized.  This  results  in  diffusion  controlled 
reversible  cyclic  voltammograms  (1 9).  For  this  reason  and  the  fact  the  [Re(dmpe)2Cl2]''^° 
complexes  exhibit  ligand-to-metal  charge-transfer  bands  (LMCT)  in  the  visible  with  molar 
absorptivities  of  approximately  3000  M  ’  cm'\  [Re(dmpe)2Cy^  is  an  excellent  choice  as 
an  electrochemical  and  spectroelectrochemical  probe  of  micellar  solutions. 

Electrolyte  Effects.  Heterogeneous  electron-transfer  of  redox  active  solution 
species  is  a  multi-step  process.  Each  step  can  be  influenced  by  the  addition  of  a 
surfactant  and  the  formation  of  micelles  with  the  cumulative  effect  being  the  result  of  an 
interplay  among  several  competing  thermodynamic  and  kinetic  factors.  Addition  of 
supporting  electrolyte  to  micellar  solutions  further  complicates  the  interpretation  of 
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electrochemical  data.  In  general,  electrolytes  do  not  directly  participate  in  electrochemical 
processes.  However  in  micellar  solution.it  is  well  documented  that  the  addition  of 
electrolyte  can  significantly  alter  the  micellar  structure  and  properties  (6,  26).  A  change 
in  the  micellar  structure  can  influence  how  solute  molecules  are  solubilized  by  the  micelle 
and  in  turn  alter  the  electron-transfer  properties.  The  peak  potential  for  the  Re(lll/ll) 
couple  of  [Re(dmpe)2Cl2]*  shifts  to  more  negative  potentials  in  0.1  M  SDS  (-0.659  V)  as 
compared  to  0.5  M  KNO3  ('O-SIS  V)  (19).  The  fact  that  the  complex  is  harder  to  reduce 
in  SDS  has  been  attributed  to  the  net  stabilization  of  the  cationic  complex  in  the  anionic 
micelle  (19).  When  the  concentration  of  TEA"^  is  increased,  the  data  in  Table  I  indicates 
a  clear  shift  in  the  Ep  from  square  wave  voltammetry  or  E°'  values  from 
spectroelectrochemistry  to  more  positive  potentials  occurs.ln  addition,  the  cyclic 
voltammograms  of  Figure  2  show  (i)  the  appearance  of  the  reduction  wave  out  of  the 
background  ,  (ii)  a  gradual  increase  in  the  peak  currents,  and  (iii)  ip^/ipa  values  which 
approach  unity  at  0.1  M  TEA'*^.  Scan  rate  studies  in  0.1  M  TEA"^  and  0.1  M  SDS  indicate 
the  electrochemistry  of  [Re(dmpe)2Cl2]'*’  is  diffusion-controlled  and  reversible  based  on  the 
standard  criteria  for  reversibility  (27).  As  TEA""  is  added,  an  ion-exchange  occurs  at  the 
surface  of  the  dodecyl  sulfate  micelles.  Almagren  and  Swamp  (28)  have  studied  this 
exchange  by  fluorescence  quenching  and  concluded  that  the  exchange  of  TEA"^  for  Na* 
results  in  a  more  closely  packed  micellar  environment  since  the  larger  TEA*  cation  can 
act  as  a  spacer  and  prevent  repulsions  between  the  negatively  charged  surfactant  head 
groups  Berr  and  coworkers  (29)  have  reached  similar  conclusions  from  neutron 
scattering  experiments  with  TMA*  with  SDS.  The  electrochemical  results  in  Table  I  and 
Figure  2  are  consistent  with  this  interpretation.  A  change  in  the  micellar  environment  from 


the  more  open  structure  of  SDS  to  the  mo...  ..jsely  packed  structure  of  TEADS  is 
consistent  with  the  observation  that  the  potential  shifts  more  positive  toward  the  value 
observed  in  0.5  M  KNOg/HgO.  At  low  TEA*  concentrations,  [Re(dmpe)2Cl2]*  may  have 
significant  interactions  with  the  hydrophobic  micelle  core,  but  as  the  micelle  structure 
becomes  more  compact  the  solubilization  may  be  primarily  on  the  aqueous  periphery  of 
the  micelle.  Consistent  with  this  is  the  fact  that  the  current  increase  at  higher  TEA* 
concentrations  signifying  a  enhance  rate  of  electron  transfer. 

An  advantage  of  the  spectroelectrochemistry  measurements  is  that  simultaneous 
electrochemical  and  spectroscopic  information  can  be  obtained.  Absorption  spectroscopy 
.can  be  very  sensitive  to  the  changes  in  the  solubilization  environment  of  optical  probes. 
In  the  case  of  [Re(dmpe)2Cl2]*,  the  absorption  bands  are  insensitive  to  the  changes  in  the 
solubilization  environment.  The  orbitals  responsible  for  the  LMCT  band  originate  on  the 
Cr  ligand  rather  than  the  more  lipophilic  phosphine.  It  is  reasonable  to  assume  that 
solubilization  in  the  hydrophobic  region  occurs  through  interactions  the  phosphine  ligand 
and  thus  has  limited  effect  on  the  energy  of  the  absorption  bands. 
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FIGURE  CAPTIONS 


Figure  1 .  Comparative  cylic  voltammograms  and  square  wave  voltammograms  of  1 .5 
mM  [Re(dmpe)2Cl2]^  in  (A)  and  (B)  0.1  M  NaVO.1  M  SDS,  and  (C)  and  (D) 
0.1  M  TEAV0.1  M  SDS. 

Figure  2.  Cyclic  voltammetry  of  1.5  mM  (Re(dmpe)2Cl2]'^  in  0.1  M  SDS  as  a  function 
of  TEA*  concentration:  (A)  0.000,  (B)  0.005,  (C)  0.010,  (D)  0.025,  (E)  0.050, 
(F)  0.100. 

Figures.  Spectropotentiostatic  reduction  of  1.5  mM  [Re(dmpe)2Cl2]*  in  0.1  M 
TEA*/0.1  M  SDS. 


TABLE  I.  Critical  Micelle  Concentrations  and  Electrochemical  Dat; 


as  a  Function  of  TEA*  Concenntration* 


[TEA*].  M 

cmc,  mM 

^o'c 

n' 

0.000 

8.11 

-0.659 

-0.699 

0.91 

0.005 

2.68 

-0.637 

-0.665 

1.01 

0.010 

1.81 

-0.632 

-0.672 

0.88 

0.025 

1.04 

-0.624 

-0.645 

1.03 

0.050 

0.76 

-0.608 

-0.614 

0.98 

0.100 

0.44 

-0.588 

-0.598 

1.03 

0.150 

0.47 

-0.580 

-0.588 

1.10 

25  °C 

0.1  M  SDS,  Peak  potential  for  [Re(dmpe)2Cl2*  from  Osteryoung  square  wave 
voltammetry. 

0.1  M  SDS,  E°  and  n  determined  by  spectropotentiostatic  reduction  of 
[Re(dmpe)2Cl2j*. 
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ABSTRACT 

Transport  studies  on  interfaces  between  immiscible  phases  bridges  the  field 
of  heterogeneous  electrode  electrochemistry  and  that  of  homogeneous  solution 
chemistry.  Early  work  on  bquid/liquid  boundary  was  concerned  with  large  area 
(square  centimeter)  interfaces.  Recent  work  investigates  phenomena  on  interfaces 
rendered  in  pores,  capillaries  and  small  holes.  The  behavior  of  such  interfaces 
interfaces  in  the  presence  of  dodecyl  sulfate,  forming  micelles,  is  investigated. 
Voltammetry  and  amperometry  on  these  small  interfaces  reveals  that  the 
accompanying  voltammetric  characteristics  are  similar  to  that  of  metal 
ultramicroelectrodes. 
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INTRODUCTION  TO  ELECTRIFIED  LIQUID/LIQUID  INTERFACES 

Interfaces  between  two  immiscible  solutions  containing  ionic  species  are  of 
interest  to  a  broad  spectrum  of  scientific  disciplines,  ranging  from  theoretical 
physical  electrochemistry,  to  analytical  application  in  sensor  design,  to  the  use  in 
interpretation  of  processes  occurring  on  the  biological  membrane  level  and  in 
biological  systems. 

The  interface  between  two  immiscible  electrolyte  solutions  (ITIES)  was 
studied  for  the  first  time  at  least  100  years  ago,  when  Nernst  performed  the  first 
experiments  that  provide  the  theoretical  basis  for  today’s  potentiometric  and 
voltammetric  studies  of  interfaces  (1).  In  1963  Blank  and  Feig  (2)  suggested  that 
an  interface  between  two  immiscible  liquids  could  be  used  in  an  approximation  as 
a  model  for  one-half  of  a  biological  membrane.  Later  Koryta  et  al.  (3)  noted,  that 
ITIES  should  behave  similarly  to  an  interface  between  an  electronic  conductor 
(i.e.,  an  electrode)  and  a  bathing  ionic  solution.  Experiments  that  followed 
revealed  that  this  predicted  similarity  is  indeed  real  and  the  field  of  experimental 
electrochemistry  on  ITIES  became  open. 

The  similarities  between  ITIES  and  electrode  electrochemistry  make 
available  a  pool  of  electrochemical  techniques  that  have  been  previously  well 
tested  in  more  common  electroanalytical  chemistry.  To  understand  the  similarities 
in  the  behavior,  it  is  more  useful  to  look  at  the  differences  first.  The  Faradaic 
current  that  flows  through  an  electrochemical  cell  is  associated  with  redox 
processes  occurring  on  the  electrode  surface.  The  analog  of  an  electrode  surface  in 
ITIES  is  the  interface  itself.  In  that  case,  however,  the  net  current  observed  when 
the  interface  is  polarized  from  an  outside  electric  source  is  not  a  result  of  a  redox 
process  at  the  interface.  It  is,  rather  an  effect,  that  is  caused  by  transport  of  ions 


from  one  phase  into  the  other  through  the  interface.  The  overall/  macroscopic 
observable,  current  flow  between  two  connecting  electrodes,  is  the  same  in  both 
cases.  Once  again,  in  L/L  electrochemistry,  it  is  the  interface  itself  that  is 
responsible  for  the  manifested  voltammetric  behavior;  there  is  no  metal  electrode 
and  a  redox  pair  in  the  ITIES  system  that  give  a  rise  to  voltammetric  behavior. 
This  becomes  more  clear  when  when  the  typical  voltammetric  cell  is  considered 
(Fig.  1).  The  cell  has  provisions  for  connecting  two  reference  electrodes,  one  on 
each  side  of  the  interface.  This  2— reference  electrode  connection,  that  translates,  in 
potentiostatic  regime,  to  utilization  of  a  4— electrode  potentiostat,  is  yet  another 
difference  between  ITIES  and  electrode  processes. 

Total  analysis  of  the  closed  circuit  will  of  course  reveal  that  redox  processes 
occur  in  the  system.  But  they  take  place  on  the  two  current  supplying  counter  (or 
auxiliary)  electrodes.  As  long  as  the  potentiostat  functions  properly,  polarization 
of  these  electrodes  is  inconsequential.  Of  course,  care  has  to  be  taken  to  avoid  any 
electrolysis  products  to  enter  the  vicinity  of  the  interface. 

Common  boundary  between  ITIES  experiments  and  the  studies  of 
microdomains  is  in  the  experimentation  with  so  called  microinterfaces.  The  first 
liquid/liquid  (L/L)  microinterface  was  introduced  by  Taylor  and  Girault  (4).  In 
this  experiment  the  L/L  interface  was  supported  on  a  capillary  tip.  The  philosophy 
behind  this  approach  is  that  diffusion  to  and  from  the  small  interface  is  governed 
by  hemispheric,  rather  then  linear  symmetry.  The  same  is  observed  with  metallic 
ultramicrointerfaces,  electrode  discs  with  diameters  below  10  fim.  The  advantage 
of  the  hemispheric  diffusion  is  lower  contribution  of  the  IR  drop  and  higher  current 
densities  at  steady  state  in  comparison  with  that  of  a  large  surface  interface.  The 
capillary  support  lacks  the  ideal  geometry  that  would  allow  unhindered 
hemispheric  diffusion  on  both  sides  of  the  interface.  Inside  the  capillary  the 
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diffusion  is  cylindrical.  To  remedy  this  problem  more  work  has  been  done  on 
interfaces  supported  on  flat  partitionings  (5-8).  The  work  on  microinterfaces 
supported  on  a  tip  of  a  capillary  continues  to  provide  important  kinetic  results  (9). 

Study  of  microdomain  systems  benefits  ffom  another  research  field  related 
closely  to  the  work  on  microinterfaces.  It  is  the  area  of  microelectrodes,  recently 
referred  to  as  ultramicroelectrodes.  This  field  is  some  10  years  old  (10)  and  already 
enjoys  a  degree  of  maturity  and  recognition.  The  aim  of  manufacturing  ever 
smaller  electrodes,  already  relevant  to  the  microheterogeneous  dimensions  resulted 
in  constructing  of  a  "nanoelectrode, ”  (11)  a  metal  electrode  with  almost  atomic 
dimensions.  Remarkable  success  in  fabrication  of  minute  size  electrodes  has  been 
achieved  by  Martin  (12)  by  growing  miniature  metal  rods  inside  insulating  tubules 
and  by  Potje— Kamloth  et  al.  (13)  by  successful  electrical  insulation  of  a  single 
carbon  fiber  by  reliable  electrical  insulation  via  electropolymerization. 

Because  of  the  negligible  contribution  of  IR  drop  on  the  small  surfaces, 
these  electrodes  are  suitable  for  kinetic  measurements  of  fast  rate  processes 
requiring  high  voltammetric  scan  rates  (14).  Wightman  (15)  demonstrated 
practicality  of  scan  rates  up  to  10^  V.s~^.  Baranski  (16)  gave  theoretical 
foundation  for  optimization  of  AC  voltammetric  measurements  on  microelectrodes. 
Taylor  et  al.  (17)  presented  results  obtained  for  digital  simulation  of  charge 
transfer  on  microelectrodes. 


Micelles  in  liquid/  liquid  interface  systems 

To  make  the  ITIES  electrochemical  experiment  work,  both  the  aqueous  and 
the  nonaqueous  solutions  must  contain  dissolved  salts.  To  dissolve  a  salt  in  a 
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nonaqueous  phase,  the  molecule  has  to  be  relatively  large  (hydrophobic).  Similarly, 
ions  that  produce  signals  on  liquid/liquid  interfaces  are  semihydrophobic  species  of 
intermediate  Gibbs  energy  of  transfer.  Consequently,  a  number  of  molecules  that 
are  of  interest  to  L/L  work  will  have  the  properties  of  a  surfactant. 

Surfactant  (surface  active  agent)  molecules  are  molecules  that  possess  both 
hydrophilic  and  hydrophobic  moieties.  They  may  aggregate  under  favorable 
conditions  in  water  and  form  microscopic  domains  called  micelles.  The  original 
description  of  these  aggregates  dates  back  to  Hartley  (18).  The  interest  in  this  field 
has  grown  tremendously  in  the  last  several  years.  For  example,  in  the  period  from 
1980  to  1990  350  reviews  (not  primary  articles)  have  been  published  on  this  subject 
(19).  All  fields  of  chemistry  were  touched  by  research  of  micelles.  The  most 
relevant  to  the  studies  done  by  us  in  liquid/liquid  electrochemistry  are  the  works 
on  micelles  in  physical  chemistry,  analytical  chemistry  (20,  21)  and,  in  particular, 
in  electrochemistry.  Recent  review  on  analytical  applications  of  micelles  was  given 
by  Mclntire  (19)  in  1990.  The  same  author  also  presented  a  review  or 
electrochemistry  in  micelles  in  1986  (22).  A  monograph  on  the  physical  chemistry 
of  micelles  and  microemulsions  appeared  recently  (23).  Electrochemistry  remains 
an  important  tool  of  studying  micellar  systems.  Polarography  was  used  to  measure 
micellar  diffusion  coefficients  (24).  Conductivity  is  used  conveniently  in  studies  of 
micelle  formations  (25),  as  well  as,  is  voltammetry  (26). 

Micellar  chemistry  is  important  to  the  studies  on  L/L  interfaces  even  in 
cases  when  micelles  are  not  actively  formed  or  pursued.  The  ITIES  systems  under 
study  contain,  by  the  necessity  of  dissolving  lipophilic  salts  in  organic  solvent, 
amphiphilic  species.  Salts  soluble  in  nonaqueous  solvent,  such  as  nitrobenzene,  will 
be  usually  large  (tetrabutylammonium,  tetraphenylborate,  cetyltrimethyl- 
ammonium,  dodecylsulfate).  The  lipophilic  moiety  responsible  for  solubility  in 
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organic  solvent  can  be  well  separated  from  the  charged  functionality  responsible 
for  salt  dissociation,  solution  conductivity  and  electrochemical  activity 
(cetyltrimethylammonium),  or  the  charge  can  be  localized  inside  bulky, 
symmetrical  lipophilic  structure  (tetraphenylborate,  tetraphenylarsonium, 
tetrabutylammonium).  The  first  class  of  compounds  vrill  have  the  inherent 
tendency  to  form  self— assembled  aggregates  or  layers  on  the  surface  of  interfaces 
with  different  hydrophili cities,  whereas  the  second  group,  with  higher  symmetry, 
will  be  less  prone  to  aggregation  and  surface  adsorption.  In  the  prevailing  work  on 
ITIES,  it  is  not  desirable  to  introduce  a  detergent  (amphiphilic  molecule)  into  the 
system.  The  typical  experiment  is  based  on  charge  transport  studies  across 
interface  between  two  liquids.  It  is  desirable  to  have  this  interface  well  defined. 
With  a  detergent  present,  there  is  always  the  danger  that  the  interface  will  be 
perturbed  and  smeared  out.  However,  in  careful  experiments  where  mechanical 
perturbation  of  the  interface  is  absent,  this  rarely  causes  serious  problem. 

At  low  concentration  of  the  surfactant  in  water,  its  molecules  are  simply 
dissolved  and  uniformly  distributed  throughout  the  solution.  As  the  concentration 
is  increased,  the  solution  conductivity  increases  and  the  surface  tension  decreases. 
Upon  reaching  certain  concentration  of  the  smfactant,  its  molecules  start  to 
aggregate  with  the  nonpolar  tails  of  the  molecule  being  packed  together  in  the 
interior  and  the  hydrophilic  heads  pointing  outwards,  forming  roughly  spherical 
objects.  This  aggregation  occurs  at  a  critical  concentration,  specific  and  different 
for  each  system  and  it  is  known  as  the  critical  micelle  concentration  (CMC).  At 
concentrations  above  the  CMC  the  concentration  of  unassodated  surfactant 
remains  virtually  constant.  Further  addition  of  monomer  causes  increase  in 
number  of  micelles.  Thus  surface  tension  remains  virtually  unchanged  after  the 
CMC.  Similarly,  the  increase  in  conductance  suddenly  almost  stops.  It  never  levels 
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off  though,  because  the  micelles,  whose  concentration  keeps  increasing,  also 
contribute  to  the  overall  conductivity.  Due  to  their  large  size  (low  mobility),  the 
contribution  of  the  micelles  to  overall  conductivity  of  the  solution  is  quite  small. 
The  size  of  the  micelles  depends  on  the  nature  of  the  surfactant,  for  example  an 
SDS  micelle  aggregate  has  a  weight  of  17,000,  which  corresponds  to  59  monomers 
in  the  unit  (27).  The  typical  size  for  most  micelles  is  between  60  and  100 
monomers,  typical  size  3  to  6  nm.  Therefore,  the  macroscopic  solution  behaves  as 
homogeneous,  filtration  does  not  separate  micelles,  and  the  solution  does  not 
exhibit  light  scattering.  The  micelle  itself  is  not  a  static  entity;  there  is  a  dynamic 
exchange  between  the  micelle  and  the  solvated  monomer.  Replacement  of  the 
whole  micelle  takes  place  in  the  course  of  a  millisecond  to  seconds. 

Most  often,  micelles  are  formed  within  aqueous  solutions,  thus  the 
hydrophilic  moiety  of  the  surfactant  points  outward.  These  micefies  are  called 
normal.  In  a  mirror  image  situation,  surfactants  can  also  aggregate  in  nonpolar 
media,  forming  reverse  or  inverse  micelles  (28,  29)  (Fig.  2).  The  hydrophobic 
moiety  extends  to  the  bulk  of  the  nonpolar  solution,  while  the  polar  ends  of  the 
surfactant  molecules  are  drawn  together  to  form  the  hydrophilic  core  of  the 
inverted  micelle.  Very  often  any  water  present  in  the  system  will  tend  to  be 
included  inside  the  reverse  micelle  aggregates.  In  liquid/liquid  electrochemical 
experiments  on  a  free  standing  interface  there  is  a  possibility  of  micelle  formation 
in  the  presence  of  a  surfactant  in  both  the  aqueous  and  the  nonaqueous  (less  polar) 
phase.  In  many  cases  formation  of  micelles  in  studies  of  well  behaved  systems  is 
undesirable. 

Low  concentrations  of  surfactants  (below  the  CMC)  have  long  been  used  in 
polarography  to  suppress  maxima.  Concentrations  above  the  CMC  have  been  used 
only  sparingly.  The  possibility  of  the  use  of  micelles  in  electrochemistry  can  be 
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divided  into  several  categories,  that  include  dectrochemical  masking, 
electrocatalysis  and  the  provision  of  a  low-cost  and  nontoxic  alternative  to 
nonaqueous  solvents  (19,  22).  In  the  studies  in  L/L  electrochemistry,  micelles 
become  a  species  of  interest  due  to  the  fact  that  they  are  carriers  of  a  charge  in  the 
solution. 

Electrochemists  tend  to  discount  nonelectrochemically  active  substances  as 
unimportant  (21).  In  L/L  electrochemistry  the  concept  of  “ electroactive  species"  is 
different  from  the  one  in  electrode  studies.  In  L/L  the  species  have  to  have  a 
charge  and  be  able  to  be  transported  across  the  interface  to  be  noted  on 
voltammetric  curve.  Electron  transfer  is  not  taking  place.  Thus,  one  can  detect 
fairly  nonreactive  species  such  as  the  tetramethylammonium  cation. 

Even  if  the  substance  is  not  transportable  across  the  L/L  interface,  its 
adsorptive  behavior  can  be  of  great  importance.  Vanysek  and  Sun  (30)  studied 
transport  of  probe  ion  (Cs"^)  in  the  presence  of  bovine  serum  albumin,  and  the 
capacitive  behavior  of  the  interface  in  response  to  protein  concentration,  pH  and 
temperature. 

Equilibrium  thermodynamics  of  liquid/liquid  interfaces  is  based  on  several 
simple  principles.  Hung  (31)  first  presented  an  impbcit  equation  that  is  based  on 
the  equality  of  the  electrochemical  potentials  of  each  participating  species  between 
the  two  solvents  in  contact  and  on  the  general  requirement  of  electroneutrality. 
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is  the  interfacial  equilibrium  potential,  is  the  standard  potential  of  transfer 
for  ion  t,  Zj  is  ihe  ion  charge,  Cj  is  the  total  analytical  concentration  of  i  in  both 
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phases  and  7  is  the  activity  coefGcient  in  phase  a  and  p. 

Although  the  principle  is  simple,  the  implications  are  not  immediately 
obvious.  Buck  and  Vanysek  (32,  33)  used  the  concept  of  equilibria  and  the  Gibbs 
energy  of  transfer  for  calculating  a  series  of  equations  for  various  interfacial 
systems,  including  L/L  equilibria.  In  many  instances,  micellar  systems  can  be 
regarded  as  related  to  L/L  systems.  Caselli  and  Maestro  (34)  used  the  concept  of 
Gibbs  energy  change  between  water  and  lipophile  to  calculate  equilibrium  micellar 
radius  of  reverse  micelles  as  a  function  of  saline  solution  concentration  in  aqueous 
phase.  This  concept  is  quite  far-reaching,  e.g.,  it  has  been  applied  to  interaction  of 
oil  dispersion  in  photographic  developer  systems  (35). 


WaUrf  nitrobenzene  experiments 

Typical  studies  of  ion  transport  between  two  immisdble  electrolytes  involve 
the  interface  between  water  and  nitrobenzene  (8).  Nitrobenzene  is  used  since  it  is 
essentially  immiscible  with  water.  Because  of  its  relatively  large  relative 
permittivity  (c  -  35)  salts  soluble  in  nitrobenzene  dissociate,  thus  rendering  a 
conductive,  nonaqueous,  water  immiscible  medium. 

For  an  ion  transfer  experiment  between  water  and  nitrobenzene,  two 
suitable  supporting  electrolytes  are  chosen  such  that  one  of  these  salts  in  not 
soluble  in  each  phase.  Typically,  the  salt  used  in  water  is  very  hydrophilic,  LiCl, 
whereas  the  salt  suitable  for  the  nonaqueous  phase  can  be  a  lipophilic 
tetrabutylammonium  tetraphenylborate  (TBATPB).  In  such  a  configuration,  the 
supporting  electrolytes  are  preferentially  contained  in  their  original  solvent  phases 
and  application  of  a  potential  on  the  interface  from  an  external  source  will  cause 
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only  a  small  degree  of  salt  transport  into  the  opposite  phase.  Thus,  one  obtains  an 
interface  on  which  an  arbitrary  potential  within  a  certain  range  cau  be  appbed, 
without  causing  significant  current  flow.  Such  sm  interface  is  called  an  ideally 
polarizable  interface  in  parallel  with  electrode  electrochemistry  terminology. 

Addition  of  a  semihydrophobic  ion  into  either  phase  provides  the  L/L 
system  with  a  charged  species  that  can  be  driven  across  the  interface  from  one 
phase  into  another,  as  a  function  of  the  appbed  potential  on  the  polarizable 
interface.  The  transport  of  the  charged  species  is  manifested  in  the  external  electric 
circuit  as  current.  Experimental  voltamperometric  characteristics  of  the  L/L 
system  exhibits  a  current-voltage  dependence  similar  to  that  of  a  voltammogram 
of  a  reversibly  reducible  species.  Figure  3  illustrates  an  example  of  the  transfer  of 
the  semihydrophobic  cation,  tetramethylammonium,  between  water  and 
nitrobenzene.  Unbke  in  electrode  electrochemistry,  where  the  peaks  correspond  to 
reduction  and  subsequent  oxidation  of  a  species,  here  the  peaks  correspond  to  the 
transport  of  TMeA"*"  from  water  to  nitrobenzene  (top,  right)  and  the  peak  on  the 
reverse  sweep  is  caused  by  transport  of  TMeA"*”  from  nitrobenzene  to  water.  Since 
the  transport  of  the  cation  across  the  interface  in  the  presence  of  high 
concentration  of  supporting  electrolytes  is  governed  by  the  same  principles  of 
diffusion,  the  L/L  voltammetric  curves  are  very  similar  to  those  obtained  for  redox 
processes  on  metal  electrodes. 

The  ionic  species  (both  cations  and  anions)  that  can  be  followed 
voltammetrically  on  the  described  interface,  must  be  less  hydrophibc  that  the 
supporting  electrolyte  in  water  and  at  the  same  time  they  must  be  less  lipophibc 
than  the  supporting  electrolyte  in  the  nonaqueous  phase.  Since  the  potential 
window  of  the  ideally  polarizable  interface  is  fairly  narrow  (approximately  500  mV 
for  the  described  system),  only  a  few  ions  can  be  directly  observed.  They  include 
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quaternary  ammonium  cations  shorter  than  butyl,  choline,  acetylcholine,  pi  crate, 
perchlorate,  thiocyanate,  Rb"^,  Cs"^  and  several  others.  From  our  interest,  it  is 
important  that  laurylsulfate,  which  forms  micelles  at  certain  concentrations,  also 
can  be  transported  within  this  potential  window. 

Water  and  nonaqueous  solvent  is  not  the  only  immiscible  solution  system, 
that  can  be  used  for  ITIES  studies.  There  are  a  number  of  aqueous  two  phase 
systems  that  show,  at  least,  a  promise  in  ITIES  electrochemistry  applications.  A 
two  phase  aqueous  system  can  arise  when  two  polymers  (e.g.,  polyethylene  glycol 
and  dextran)  are  dissolved  in  water,  with  one  polymer  predominating  in  each 
phase  (36,  37).  Such  systems  are  being  used  for  physical  separation  of  a  wide  range 
of  biomolecules  (38).  The  advantages  quoted  for  these  separations  are  primarily 
biocompatibility  (contents  of  water  is  75-00%).  For  the  most  part,  the  work  that 
involved  two  phase  aqueous  systems  was  mostly  centered  on  extraction  and 
separation  techniques,  although  potentiometric  work  has  been  also  reported  (39). 

In  our  work  we  are  reporting  potentiometric  results  on  several  systems 
including  dodecyl  sulfate.  Voltammetric  studies  on  these  interfaces  were  also 
performed.  Because  the  Gibbs  energy  of  transport  of  ionic  spedes  between  the  two 
phases  is  quite  low,  we  were  not  able  to  establish  a  system  with  appropriate 
supporting  electrolytes  that  would  provide  a  potential  window  sufficiently  wide  for 
any  kind  of  meaningful  measurement. 


2-LI 


12 


MATERIALS  AND  METHODS 

Voltammetric  studies  of  laurylsufate  (sodium  salt  of  dodecylsulfate,  SDS) 
on  a  water/nitroben2ene  interface  were  done  on  a  microinterface  (6).  The  cell  used 
in  this  work  is  shown  in  Fig.  4.  It  was  made  from  two  pieces  of  a  No.  9  0— ring 
Pyrex  glass  joint.  An  opening  in  one  of  the  arms  was  filled  with  thinly  blown  glass 
in  which  a  small  hole  was  introduced  by  Tesla  coil  discharge.  An  alternative 
reliable  way  of  realization  of  small  interface  is  in  Fig.  5.  The  probe  device  was 
made  from  a  7— mm  teflon  rod,  drilled  out  with  a  5— mm  flat  bottom  drill  so  that 
only  about  0.3  mm  thick  teflon  bottom  remained.  An  opening  of  0.1  mm  was 
drilled  in  the  bottom.  Due  to  the  nature  of  teflon,  the  hole  closed  somewhat  after 
smoothing  on  the  lathe.  The  typical  opening  in  both  the  glass  and  the  teflon  wall 
were  -  50  fim.  Although  this  diameter  does  not  accomplish  entirely  the  prerequisite 
for  hemispheric  diffusion,  the  contribution  of  IR  drop  is  negUgible  and  a 
2— electrode  system  for  polarization  can  be  used.  More  suitable  techniques  for 
manufacturing  small  partitioning  were  described  by  Girault  (40,  41). 

The  electrical  circuit  requires  only  a  2— electrode  connection,  but  care  has  to 
be  exercised  in  sufficient  amplification  of  the  small  currents  and  in  shielding 
electrical  noise.  Keithley  470  current  amplifier  was  used  for  the  current  to  voltage 
conversion  at  a  typical  setting  10  V/A.  The  circuit  diagram  used  for  the  low 
current  voltammetric  experiments  is  shown  in  Fig.  6. 

For  the  aqueous/ aqueous  interface  the  experiment  was  potentiometric. 
Figure  7  shows  the  schematics  of  the  apparatus  used  to  measure  the  potential 
difference  between  the  two  aqueous  phases.  The  reference  electrodes  were  Ag/AgCl 
wires  immersed  in  0.1  mol.l~^  KCl  in  a  salt  bridge  separated  from  the  polymer  gel 
solutions  by  a  vycor  glass  frit.  The  potential  difference  between  the  two  reference 
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dectrodes  was  measured  with  a  pH  meter  set  on  the  mV  scale. 

A  constant  potential  reference  dectrode  for  nonaqueous  solution  requires 
additional  water/organic  interface  with  a  common  ion.  The  shorthand  notation  of 
the  water /organic  voltammetric  cell  is  in  the  following  scheme: 


AgCl 

LiCl  (+  SDS) 

TBATPB 

TBACl 

AcCl 

(s) 

1  1 

(aqueous) 

( n  i  t  r  0  benzene) 

(aqueous) 

(s) 

(f) 


The  interface  on  which  the  transfer  of  interest  takes  place  is  marked  by  the  two 
vertical  lines.  The  potential  on  this  interface  and  its  variation  produced  the 
analytical  signal.  All  other  interfaces  have  known  and  constant  potential.  The 
function  of  the  tetrabutylammonium  chloride  (TBACl)  bathing  the  right  hand 
reference  Ag/AgCl  electrode  is  to  establish  constant  potential  on  the 
water /nitrobenzene  interface  by  virtue  of  sharing  common  TEA'*’  ion.  As  long  as 
the  activity  of  the  TBA"^  in  both  phases  remains  constant,  the  interfacial 
potential  will  be  also  constant  and  its  value  wiU  be  given  by  the  Nernst— Donnan 
equation: 


(3) 


where  is  the  standard  potential  of  transfer  of  a  common  ion  :  from  phase  a  to 
phase  /?.  For  equal  concentrations  of  the  tetrabutylammouium  cation  for 
water/nitrobenzene  this  potential  difference  is  —  248  mV.  The  sign  denotes  the 
polarity  of  the  aqueous  phase. 


lEfilFT  .. 

The  polymers  used  for  the  two  phase  aqueous  system  experiments  were 
polyethylene  glycol  (PEG),  average  m.w.  3  350  (Sigma,  No.  P—3640)  and  dextran, 
average  m.w.  67  900  (Sigma,  No.  D— 1390).  Sodium  dodecyl  sulfate  was  supplied  by 
Aldrich.  Water  doubly  distilled  from  glass  was  used  throughout.  All  experiments 
were  done  at  25  °C. 


RESULTS 

Figure  8  shows  the  voltammetric  response  of  an  interface  between  two 
liquids  created  in  a  thin  glass  window.  The  diameter  of  the  opening  was  '  130  /im. 
Voltammetric  curve  C  shows  the  response  of  the  system  containing  only  the  base 
electrolytes,  0.02  mol.l~^  LiCl  in  water  and  0.02  mol.l”^  TBATPB  in 
nitrobenzene.  Only  negligible  current  flows  in  the  central  potential  range  known  as 
the  potential  window.  Subsequent  curves  1—4  show  voltammograms  obtained 
with  the  base  electrolyte  system  upon  addition  of  0.4  mmol.l~^  dodecyl  sulfate 
(sodium  salt)  into  the  aqueous  phase.  The  response  at  several  scan  rates  is  shown. 
At  lower  scan  rates  the  voltammogram  does  not  display  a  peak;  a  current  plateau 
is  formed  instead.  As  mentioned  earlier,  this  small  interface  is  expected  to  display 
similar  behavior  as  do  ultramicroelectrodes.  At  slower  scan  rates  the  diffusion 
towards  the  interface  has  hemispheric  symmetry.  The  ions  are  approaching  the 
interface  from  the  volume  of  a  hemisphere.  Thus,  a  constant,  steady  state  current 
is  observed.  At  higher  scan  rates  the  symmetry  becomes  semilinear  woth  the  ions 
approaching  the  interface  from  one  direction  only.  The  voltammetric  curves  reach 
a  maximum  after  which  diffusion  continues  to  deplete  the  amount  of  ions  available 
for  interfacial  transport. 
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Because  the  L/L  interface  can  be  formally  treated  in  the  same  way  as  an 
electrode/electrolyte  interface,  the  equation  describing  the  limiting  current  under 
conditions  of  hemispheric  diffusion  can  be  written  for  an  ion  t  in  the  following  form 
(4): 


I  =  4  FD.cr,  (4) 

where  F  is  the  Faraday  constant,  D.  and  c-  are  the  diffusion  coefficient  and  the 
bulk  concentration  of  ion  i  and  r  is  the  radius  of  the  interface  (6).  Similarly,  an 
approximate  equation  can  be  derived  from  the  spherical  term  of  the  voltammetric 
curve  derived  by  Nicholson  and  Shain  (42)  in  the  limit  of  the  radius  of  the 
electrode  tending  to  zero: 


=  2  rnFDcr.  (5) 

We  have  published  this  equation  in  (6)  and  (7),  but  with  the  factor  2  inadvertently 
omitted. 

At  higher  scan  rates,  when  the  mass  transport  is  controlled  by  linear 
diffusion,  the  voltammetric  curves  display  peaks  on  both  the  positive  and  negative 
scans.  Since  the  transport  of  SDS  is  reversible  (i.e.,  transport  can  proceed 
unhindered  across  the  interface  in  both  directions),  the  sepaiDtion  of  peaks  for  this 
univalent  ion  is  about  58  mV  on  repetitive  cycling.  In  agreement  with  diffusion 
theory,  the  peak  current  is  directly  proportional  to  the  square  root  of  the  scan  rate 
(Fig.  9). 

It  has  also  been  shown  that  in  accordance  with  expected  behavior,  the  peak 
current  at  a  given  scan  rate  is  proportional  to  the  concentration  of  the  transported 


16 


®  (F  ®  ^ 

j 

ion.  Figure  10  gives  the  dependence  for  picrate,  tetramethylammonium,  and 
choline.  The  results  for  dodecyl  sulfate,  which  was  also  investigated  (43),  were 
erratic  at  higher  concentrations  in  comparison  with  the  other  ions.  The  probable 
cause  was  twofold.  SDS  acts  as  a  detergent,  which  can  solubilize  nitrobenzene  in 
water  or  vice  versa.  This  problem  was  apparent  especially  in  mechanically 
perturbed  systems  such  as  those  where  ITIES  is  realized  in  the  form  of  a  dropping 
electrode.  The  critical  micellar  concentration  for  SDS  is  8  mmol.l”^  (27).  Above 
that  concentration,  the  concentration  of  solubibzed  SDS  remains  essentially 
constant.  That  is  not  to  say,  that  the  transport  of  SDS  must  level  off  at  the  CMC. 
Instead,  the  micelles  contribute  to  the  total  amount  of  SDS  available  for  interfadal 
transport.  But  the  contribution  is  further  compbcated  by  the  rate  of 
aggregation/disaggregation  and  also  by  the  fact  that  the  concentration  of  the 
analyte  is  nearing  that  of  the  supporting  electrolytes  (20  mmol.l”^)  and  the 
transport  description  is  further  complicated  by  migration  component. 

Unusual  phenomena  on  L/L  interface  were  observed  in  the  presence  of 
colloids,  such  as  denaturated  proteins  (insubne,  ovalbumine)  and  even  dispersed 
particles  of  polystyrene  (44).  It  was  observed  that  current  across  the  interface 
increases  and  the  potential  window  of  the  supporting  electrolytes  narrows.  This 
phenomenon  has  been  explained  in  a  qualitative  way  by  availabibty  of  charged 
colloidal  particles  for  interfacial  transport. 

Potentiometric  experiments  on  nitrobenzene/water  interface  were 
performed  in  a  similar  setup  as  is  the  one  for  potentiometric  measurements  on  the 
two— phase  aqueous  systems.  Heavier  nitrobenzene  was  placed  on  the  bottom  of  the 
cell,  nonaqueous  reference  electrode  was  immersed  next  and  the  nitrobenzene  phase 
was  topped  with  the  aqueous  phase.  Then  the  second  reference  electrode  was 
placed  iu  the  aqueous  phase.  The  aqueous  phase  reference  electrode  was  an 
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Ag/AgCl  wire  immersed  in  0.01  mol/1  LiCl.  The  reference  electrode  used  in 
nitrobenzene  was  an  Ag/AgCl  wire  immersed  in  aqueous  0.01  mol/1 
tetrabutylammonium  chloride.  Since  the  nitrobenzene  layer  contains  0.1  mol/1 
tetrabutylammonium  tetraphenylborate,  the  TBA"*"  ion  common  to  both  phases 
establishes  the  constant  reference  potential. 

In  ITIES  voltammetric  experiments  it  is  usual  practice  to  allow  about  10 
minutes  to  equiUbrate  the  system  after  setting  it  up.  We  have  followed  the 
protocol,  but  as  we  were  able  to  morutor  the  interfacial  potential  from  the  very 
beginning  of  setting  up  the  cell,  lot  of  variation  between  systems  was  observed. 
Fig.  11  shows  that  with  the  SDS  experiments,  the  steady  state  values  were  reached 
almost  immediately. 

Figure  12  shows  the  interfacial  potential  dependence  as  the  function  of 
sodium  dodecylsulfate  concentration  in  the  aqueous  phase.  The  dependence  shows 
sharp  decrease  in  the  potential  of  the  aqueous  phase  (relative  to  the  nitrobenzene 
solution)  in  the  concentration  range  from  0.1  to  1  mmol /I.  This  behavior  is  in 
sharp  contrast  to  the  potentiometric  curves  obtained  for  example  for  picrate, 
where  the  dependence  is  essentially  linear  through  several  orders  of  concentrations. 
Above  10  mmol/1  SDS  the  potential  is  no  more  dependent  on  the  analytical 
concentration  of  SDS.  This  agrees  with  the  micellar  concept;  the  concentration  of 
free  SDS  above  CMC  remains  virtually  constant. 

The  two— phase  aqueous  system  was  prepared  by  preparing  separately  30% 
dextran  and  polyethylene  glycol  solutions  in  water  or  appropriate  supporting 
electrolyte  (0.1  mol/1  LiCl).  For  the  experiment,  a  layer  of  the  heavier  phase 
(dextran)  was  placed  on  the  bottom  first,  then  the  lower  phase  reference  electrode 
was  immersed,  after  which  the  top  layer  of  polyethylene  glycol  solution  was 
injected  carefully  with  a  syringe.  Finally,  the  second  reference  electrode  was  placed 


The  established  interface  was  allowed  to  equilibrate.  The  time  necessary  for 
the  equilibration  was  determined  from  diminishing  drift  of  the  potential  difference. 
The  required  waiting  varied  widely  with  used  systems.  For  the  SDS  experiments, 
the  steady  potential  value  was  reached  almost  immediately. 

Figure  13  is  a  concentration  dependence  of  the  two-phase  aqueous 
interfadal  potential  as  a  function  of  concentration  of  dodecyl  sulfate.  In  contrast 
with  the  results  obtained  at  the  water/nitrobenzene  interface,  the  PEG/dextran 
system  does  not  display  any  leveling  off  at  higher  concentrations.  The  CMC  is  a 
constant  only  for  given  environment.  It  varies  greatly  with  ionic  strength  and 
solvent  medium.  The  steady  change  of  interfadal  potential  with  increasing  SDS 
concentration  is  indicative  of  lack  of  micellar  formation  in  the  aqueous  polymers 
system. 

Experimentation  on  electrified  immiscible  interfaces  has  been  applied  in 
this  chapter  to  problems  that  relate  to  the  studies  in  microheterogeneous  systems. 
Although  the  aim  of  ITIES  electrochemistry  is  mostly  towards  aspects  of  large  size 
heterogeneous  systems  (interfaces),  microheterogeneity  is  occasionally  investigated 
as  well.  Miniaturization  of  the  liquid/liquid  interfaces  is  one  such  case.  With 
proper  techniques  the  interfaces  can  be  rendered  suffidently  small  to  alter  the 
diffusion  to  the  interface  from  linear  to  hemispheric  symmetry.  Second  aspect  of 
microheterogendty  discussed  here  was  formation  of  micelles  in  L/L  systems.  Case 
of  dodecyl  sulfate  micelle  formation  in  water/nitrobenzene  has  been  documented. 
So  far  rarely  studied  interface  between  two  aqueous  polymer  solutions  was  also 
presented.  In  this  environment,  different  from  bulk  water,  micelle  formation  of 
sodium  dodecylsulfate  below  concentration  0.1  mol/1  was  not  observed. 
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Legend  for  figures 

Fig.  1  Voltammetric  cell  for  4-electrode  ITIES  work. 

Fig.  2  Schematic  representation  of  organized  structures  in  of  surfactants  in 
different  media. 

Fig.  3  Transport  of  TMeA"*"  across  water/nitrobenzene  interface 

Fig.  4  Electrochemical  cell  used  for  /iITIES  studies  on  glass  partitioning. 

Fig.  5  Compartment  for  /iITIES  work  realized  in  a  teflon  tube. 

Fig.  6.  Diagram  for  measurement  of  low  current  signals. 

Fig.  7  Schematic  of  the  apparatus  for  L/L  potentiometric  measurements. 

Fig.  8  Cyclic  voltammograms  of  SDS— transfer  (0.4  mmol/1)  for  several 
scan  rates  in  mV  s~^:  (1)  10,  (2)  50,  (3),  200,  (4)  1000.  Curve  (0)  is 
base  electrolyte  only  at  25  mV  s~^.  Base  electrolytes,  0.02  mol  1~^ 
LiCl  in  H2O  and  0.02  mol  1”^  TBATPB  in  nitrobenzene. 

Fig.  9  Peak  currents  (for  forward  scan)  as  a  function  of  the  square  root  of 
scan  rate.  Concentration  of  the  studied  ions  0.4  mmol  i~^.  Base 
electrolytes,  0.02  mol  1~^  LiCl  in  H2O  and  0.02  mol  1~^  TBATPB  in 
nitrobenzene.  (0)  TMeA^,  (a)  picrate,  (())  choline  and  (0)  dodecyl 
sulfate. 

Fig.  10  Plot  of  peak  current  (  forward  scan)  versus  concentration  (□) 
choline,  (a)  picrate  and  (0)  TMeA"^.  Scan  rate  25  mV  s~^  Base 
electrolytes,  0.02  mol  1~^  LiCl  in  H2O  and  0.02  mol  1~^  TBATPB  in 
nitrobenzene. 

Fig.  11  Time  dependence  of  potential  on  a  water/nitrobenzene  interface. 

Fig.  12  Potentiometry  of  SDS  in  water/nitrobenzene  system. 

Fig.  13  Potentiometry  of  SDS  in  aqueous  polyethylene  glycol/dextran 

system. 
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ABSTRACT 

Many  naturally  oocuixing  fluids,  such  as  milk  and  cream,  ccntain 
dispersed  phases  characteristic  of  ocxrplex  liquids.  Ihese  fluids  contain 
organized  molecular  assemblies  such  as  micelles  and  emulsions.  We 
demonstrate  that  models  of  organized  structures  can  be  applied  to  these 
naturally  occurring  systems  and  that  quantitative  information  relevant 
to  redox  probes  can  be  obtained  in  such  fluids.  The  dispersed  phases  do 
not  adversely  affect  analytical  determination  utilizing  these  probes. 
Ru(NR2)gCl2  is  used  as  an  electrochemical  probe,  and  added  to  milk  and 
cream  withcxit  pretreatment  and  addition  of  the  supporting  electrolyte. 
Conventicnal  and  microelectrodes  of  platii}um  have  been  used.  Use  of  the 
mcroelectrode  obviates  problems  associated  with  low  electrochemical 
oonductivity  in,  for  example,  cream  samples. 


INTTRODUCriON 


In  recent  years,  we  have  been  oonoeming  with  tie  aspect  to  cxxisider 
real  or  naturally  occurring  liquid  samples,  as  media  for  direct 
electrochemical  studies  and  analyses  [1-6] .  For  homogeneous 
fluid-matrices,  this  aim  can  be  achieved  easily  because  few  pr^aration 
st^ss,  often  restricted  to  the  addition  of  the  supporting  electrolyte 
and  the  acidification  of  the  sample,  are  only  required.  For  very  oonplex 
matrices  and  for  physically  heterogeneous  fluids,  this  is  a  more 
difficult  task,  as  indicated  from  the  scarce  reports  found  in  the 
literature  on  this  subject. 

In  this  paper  we  show  an  application  of  electrochemical  measurements 
in  dairy  products  such  as  milk  and  cream. 

Milk  is  a  complex  fluid  containing  many  conponents  in  several  states 
of  dispersion.  Water  is  more  abundant  than  other  constituent  and 
contains  dissolved  inorganic  salts  and  organic  species  as  a  oontinuos 
and  homogeneous  phase.  Fat  globules,  mainly  made  up  of  triglycerides, 
float  in  a  turbid  liquid-plasma  vbich  contains  proteinaceous  particles 
and  casein  micelles.  Most  amphiphilic  molecules  are  not  very  soluble  in 
water  and  tley  tend  to  associate  into  micelles  as  well.  A  milk 
derivative  is  cream,  which  is  that  part  of  milk  rich  in  fat  and  obtained 
by  skimming.  Although  the  proportion  of  fat  present  in  jream  varies 
greatly,  the  relative  proportions  of  the  other  components  remain  the 
same  as  in  the  milk  from  which  the  cream  has  been  derived. 
Notwithstanding  the  oonplexity  of  tie  matrices,  both  milk  and  cream  have 
a  relatively  simple  and  well-studied  structure  [7] . 

These  media  are  really  naturally  occurring  organized  nolecular 
assemblies  such  as  micellar  and  emulsified  systems  [8].  At  variance  with 
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the  synthetic  systenis,  milk  and  cream  are  not  optically  transparent.  It 
follows  that  some  experimental  techniques  like,  for  instance,  UV-VIS 
spectroscopy,  are  not  suitable  for  duirect  measurements.  Conversely, 
electrochemical  methods  have  the  advantage  to  be  enplqyed  even  under 
these  unfavourable  optical  oonditions. 

The  aim  of  this  paper  is  to  show  that  models  of  organized  structures 
can  be  applied  to  these  naturally  occurring  systems  and  that 
quantitative  information  relevant  to  redox  probes  can  be  obtained  in 
such  fluids. 

In  a  previous  paper  [4]  we  have  examined  the  effects  of  the  dispersed 
phases  of  milk  and  cream  in  dissolving,  in  their  hydrophobic  core, 
molecule  scarcely  soluble  in  the  aqueous  phase.  Ferrooene  has  been 
employed  as  the  probe  molecule. 

We  are  now  oonoemed  with  the  effects  of  the  dispersed  phases  of  milk 
and  cream  on  the  voltammetric  behaviour  of  species  very  soluble  in  the 
aqueous  phase.  Ru(NH2)gCl2  has  been  used  as  an  electrochemical  probe  and 
added  to  milk  and  cream  erplcyed  as  withdrawn  from  their  ocnteiner 
without  pre treatment  or  addition  of  the  supporting  electrolyte,  this  to 
avoid  the  existing  chemical  equilibria  to  be  eLLterated. 

Conventicnal  and  microelectrodes  of  platinum  have  been  erplcyed  as 
working  electrodes.  Use  of  microelectrode  obviates  problems  associated 
with  lew  conductivity,  in  particular,  in  cream  samples. 
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EXPERIMENTAL 

Reagents 

HexanminerutheniumC  III )  trichloride  from  Nattey  Bishop  was  purified 
as  reported  [9].  All  inorganic  salts  erployed  and  casein  were  of 
analytical-reagent  grade.  Bovine  milk  and  cream  sanples  35%  fat  were 
those  oommercially  available.  Cream  samples  of  11%  and  20%  fat  were 
prepared  by  mixing  skim  milk  and  cream  35  %  fat  in  the  proper  amounts. 
These  samples  were  than  checked  for  fat  ccntent  by  the  Gerber  method. 
Doubly  distilled  water  was  used  throughout  to  prepare  aqueous  solutions. 
Nitrogen  (99.99%)  from  SLAD  was  used  when  necessary  for  deoxygenation. 

Electrodes  and  instrumentation 

A  Qsnventional  platinum  electrode  of  1.5rm  radius  was  employed  as 

working  electrode.  Platinum  wires  of  2.5,  5.0,  10.0  and  12.5  radius 

were  sealed  in  glass  as  reported  previously  [10].  The  effective  radius 

of  the  electrodes  eirployed  were  estimated  by  employing  eqns .  ( 4 )  and  ( 5 ; 

(see  later)  and  the  peak  and  the  steady-state  currents,  respectively  of 

the  cyclic  voltamretry  for  the  oxidation  of  ferrocene  in  acetonitrile 

-5  2  1 

whose  drffusioTi  coefficient  is  2.4x10  cri  s  [11]-  Prior  to  each 
measi-irement  the  electrodes  were  polished  with  graded  alumina  pcvder 
(down  to  0.05  pm)  on  polishing  micro-cloth.  The  reference  electrode 
employed  was  always  a  saturated  calomel  electrode  { SCE ) . 

For  experiments  with  *  nucroelectrodes ,  a  two  electrode  cell 
configuration  was  used  for  cyclic  voltammetry'  (O/)  v^cn  was  generated 
by  a  PAR  175  function  generator;  a  Keithley  485  piooammeterserved  as 
current -measuring  device  and  data  were  plotted  with  an  X-Y  recorder 
Helwett- Packard  7045  B.  For  cyclic,  differential  pulse  (DFV)  and  square 


wave  vDltarnmetxy(  SWV ;  with  corTventional  i  as  well  as  for  DPV 
and  SWV  w'th  nucroelectrodes  a  jitiostat  PAR  273  oon trolled  with  an 
Olivetti  M  380  personal  ocnputer  via  a  EX3&EG  PAR  270  software  vras 
enplciyd.  In  these  last  oonditions  a  three-electrode  cell  was  used.  The 
cell  for  experiments  with  micxoelectiodes  was  maintained  in  a  Faraday 
cage  made  of  sheets  or  aluminium. 

Bulk  viscosity  were  measured  with  a  Ostwald  viscosimeter  calibrated 
with  pure  water.  All  the  measurement  were  carried  out  at  20*^C±0.1. 

Procedure 

Unless  otherwise  stated,  about  25  ml  of  milk  and  cream  saiples  as 
wothdrawn  from  their  oonmercial  package  and  with  no  deliberate  addition 
of  the  supporting  electrolyte,  were  transferred  into  the  eiectrochemical 
cell  under  nitrogen  atmosphere  for  measurements.  When  prolonged 
experiments  or  addition  of  the  reagents  in  the  media  were  necessary  and 
for  aqueous  solutions,  the  sanples  were  deareated  before  each 
measurement  by  bubbling  nitrogen  for  at  least  10  min. 
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results  ard  DISCUSSICM 

and  cxeam 

Typical  cyclic  voltammograms  obtained  at  both  conventional  and 
microelectrodes  for  milk  and  cream  sanples,  not  containing  added 
solutes,  are  reported  in  Fig.  1.  For  milk  the  processes  involved  either 
in  the  cathodic  and  the  anodic  regions  have  been  discussed  in  detail 
elsewere  [3] .  Cream  shows  a  similar  region  in  which  external  added 
solutes  can  emerge  from  background  or  separated  from  the  processes  due 
to  species  naturally  present  in  the  sanple.  No  further  investigations 
have  been  carried  out  to  get  more  insights  on  these  media.  However,  from 
a  qualitative  comparison  between  the  voltammetric  behaviour  chserved  in 
milk  and  cream,  it  can  be  said  that  the  processes  of  cream  sanples  up  to 
35%  fat,  studied  by  us,  probably  parallel  those  of  milk.  That  is,  the 
cathodic  and  anodic  limits,  in  which  the  background  is  flat,  are 
dictated  from  water  discharge,  vhile  the  main  cathodic  peak  at  about 
-0.850  V  at  microelectrode  and  -0.650  V  at  the  conventional  electrode, 
respectively,  should  belong  to  acids  either  dissolved  in  the  water  phase 
or  bound  to  casein  nuoelles[3] .  With  respect  to  milk,  the  lower  current 
signals  relevant  to  these  last  processes,  are  consistent  with  a  lower 
acidity  of  cream  [12], 

A  higher  background  current  is  generally  observed  in  cream  samples 
with  the  conventional  electrode  and  it  depends  also  cn  the  sweep  rate 
employed.  This  is  expected  by ‘considering  that  both  the  higher  amount  of 
hydrophobic  phases  dispersed  and  the  higher  viscosity  of  the  media  may 
contribute  to  capacitive  current  and  ohmic  drop  enhancements.  The 
backgrownd  current  is  lower  at  the  microelectrodes  in  agreement  with  the 
general  observation  that  the  faradaic  to  capacitive  current  ratio  is 


Lie  voltammetric  behaviour  of  Ru(t 


in  milk 


6 


higher  and  tie  ohmic  drop  negligible  to  the  smaller  electrodes  [13] . 

Fig.  2  shews  topical  cyclic  voltammograms  obtained  in  some  of  the 

sanples  examined  with  added  Ru(NH2)^Cl2.  Peak  current  or  diffusion 

limiting  current  at  oonventio  al  and  microelectrodes,  respectively,  were 

linearly  d^aendent  on  oonoentration  of  solute  in  the  range  studied  with 

this  technique,  i.e.,  2x10  "^-2x10  ^  in  milk  and  over  a  slight  lower 

-4  -3 

range  for  cream,  i.e.  3x10  -10  M  .  In  milk  at  a  given  oonoentration 

of  solute,  with  the  conventional  electrode  the  cathodic  peak  current,  i^, 
of  Ru(NH2)g  resulted  linear  vs  the  square  root  of  the  scan  rate  v^^^ 
over  the  range  0.01-0.2  V.  The  anodic  to  cathodic  peak  separation  (  A  E) 
depended  on  the  sweep  rates  employed;  it  resulted  only  slightly  hi^ver 
than  59 /n  mV,  theoretical  value  expected  for  a  reversible  one  electron 
process  within  10-30  mVs  vhiile  it  was  even  far  higher  than  60  mV  for 
higher  scan  rates  (see  Table  I).  The  backward  to  forward  peak  current 
ratio,  (i^/i  ),  is  close  to  one  at  any  scan  rate  enployed,  thus 

indicating  diffusive  character  of  the  process  involved  with  no  kinetic 
ocnplications .  Increases  in  AE  could  be  attributed  to  uncenpensated 
ohmic  drop  rather  than  to  a  slow  heterogeneous  electron  transfer. 
Hov^ver,  attempts  to  compensate  ohmic  drop  by  a  positive  feedback  almost 
failed  for  s>^leep  rates  higher  than  50  mVs  ^  probably  because  capacitive 
currents  may  lead  tc  distortion  of  the  waves.  This  view  is  also 
supported  by  the  fact  that  the  half-wave  potential  (see  Table  I), 
determined  as  midpoint  between  the  cathodic  and  anodic  peak  potentials 
of  the  same  cyclic  voltarrmograms,  were  independent  on  the  sv^ep  rates. 

The  voltarmetric  pictures  obtained  with  the  conventional  electrodes 
in  cream  samples,  did  not  differ  much  frem  those  obtained  in  milk  apart 
that  A  E  was  quite  far  from  the  59  mV/n  ( n  =1 )  value  at  any  scan  rate 
employed  (see  Tablel).  However  the  half-wave  potentials,  which  are 
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located  at  a  value  very  close  to  that  obtained  in  milk,  did  not  vary  by 

changing  the  scan  rate  (see  Table  1),  The  plot  of  cathodic  peak  current 
1/2 

vs  V  was  linear  over  a  snaller  range  of  scan  rates,  vrfierBas  the 

i  , /i  was  alnost  one  in  any  medium.  Also  in  this  case  attempts  to 

pb  pc 

ootipensate  the  ohmic  drop  failed,  ihe  results  so  far  r^xorted  indicate 
that  the  reduction  of  RuCNH^)^  undergoes  an  almost  reversible 
electron  transfer  in  all  the  media  investigated. 

With  the  microelec  erodes  better  defined  voltammograms  were  recorded 
even  in  cream  sanples  (see  Fig.  2  for  the  12.5  pm  radius  electrode).  The 
parameters  vhich  characterize  the  voltammetric  curves,  e.g.,  ,  slope  of 
the  plot  of  log  (id-i)/i  vs  E  (i^  is  limiting  current),  £^^^-£2/4 
and  '^y/2  evaluated  and  reported  in  Table  II  for  the  microelectrode 

of  25  pm  radius.  The  semilogarithmic  plots  were  linear  and  their  slopes, 
are  consistent  with  a  reversible  one  electrcn  transfer  process.  It  is  so 
also  for  the  differences  equal  to  RT/nFln(9)  [14]  (0.0554  for 

n=l,  F=  96488  C  and  at  20^0  for  a  reversible  one-electron  transfer 
process. 

Since  Ru(NH2)^  is  a  water  soluble  molecule,  blank  measurements 
were  also  carried  out  in  aqueous  solutions.  This  system  has  already  been 
studied  in  aqueous  solutions,  but  some  dicrepances  exist  on  the 
electrochemical  parameters  found,  often  due  to  the  different 
experimental  conditions  employed.  A  series  of  mesuremnts  was  carried  out 
to  oenfirm  data  reported  in  the  literature  (see  for  instance  Reff. 
[15-19]  ). 

The  voltammograms  vere  obtained  in  two  cases  with  two  different 
suppoting  electrolytes:  0.1  M  NaClO^  and  0.1  M  phosphate  buffer  at 
pH=7 .  This  last  supporting  electrolyte  should  mimic  well  both  pH  ( =  6.7) 
and  milk-salt  composition.  In  fact  hydrogen  phosphates  are  present  in 
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large  antxmt  in  t±»ese  media  and  the  pH  of  fresh  v^le  milk  is  very  close 
to  that  of  phosphate  buffer.  The  data  chtained  both  at  oonventicnal  and 
microelectrodes,  collected  in  Tables  I  and  II,  indicate  that  the  redox 
species  undergoes  a  reversible  process.  In  fact  at  the  largest  electrode 
cathodic  peak  currents  vs  v  were  linear  and  E  was  60  ±2  mV 
regardless  both  of  the  swe^  rate  and  supporting  electrolytes  enployed. 
At  the  microelectrode  the  semilogarithmic  plot  was  invariantly  linear 
with  a  slope  of  59  ±2  mV  and  the  E2/4~^3/4  thieoretical 
value  within  the  experimental  errors.  It  must  be  noted  moreover,  that  if 
the  currents  responses  ctotained  at  both  conventional  and  microelectrodes 
in  aqueous  solution  are  conpared  with  those  obtained  in  the  dairy 
products,  for  the  same  apparent  concentration  of  solute,  the  former 
resulted  4-5  times  higher. 

Determiration  of  heterogeneous  rate  constants  and  diffusion  coefficients 

Other  electrochemical  parameters  characterizing  the  process  under 
investigation  such  as  standard  heterogeneous  rate  constant  (k^)  and 
diffusion  coefficient  are  useful  to  get  insights  on  the  differences  in 
the  behaviour  occurring  among  the  media  investigated.  Ihe  dispersed 
phases,  in  fact,  can  affect  the  mass  transport  or  the  rate  of  the 
electrcr.  transfer  and  also  the  stability^  of  the  intermediate  of  the 
electrode  process  [8] . 

By  judjing  from  the  A  E  reported  in  Table  I  one  would  say  that  at  the 
macroelectrodes  the  process  is  a  quasireversible  one.  Thus  (k^)  could  be 
estimated  from  anodic-cathodic  p)eak  potential  differences  of  the  CVs 
over  a  range  of  scan  rates  in  which  this  difference  is  higher  than  60  mV 
[21].  As  mentioned  above,  however,  the  data  obtained  with  this  transient 
technique  are  probably  affectjed,  even  strongly,  from  interferences  due 
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to  ohinic  drop  and  charging  currents.  Alternatively,  steady-state 
experijnents  made  at  the  nacrtaelectrodes  are  almost  oorpletely  unaffected 
from  charging -current  problems  uncompensated  ohmic  drop.  Itius,  from 
measurements  with  microelectrodes  the  rate  of  the  heterogeneous  electrco 
transfer  were  studied  in  detail. 

From  an  experimental  point  of  view  the  meaning  reversible  is  related 

to  the  upper  limit  on  measurable  rate  constant  which  depends  on  the 

technique  enployed.  Thanks  to  the  enhanced  mass  tianspcrt  associated  to 

the  microelectrodes,  it  has  been  shewn  that  reliable  values  of  the 
-2  -1 

order  of  10  ms  can  be  determined  by  steady  state  voltammetric 
experiment  with  inlaid  disc  working  microelectrodes  [22] .  The  method 
requires  that  several  voltammograms  be  recorded,  using  microdiscs 
covering  a  range  of  radii.  The  equation  allowing  to  calculate  k*^  is  the 
following: 

Ei/2  -E^  =  -2RTD^(nFk°r)  1) 

in  which 

=  E°  +  RT/nF  ln(Dj^/DQ)  2) 

is  half-wave  potential  for  a  nearly  reversible  steady-state 

voltarrmogram,  which  differs  little  from  the  reversible  value  Ej_^.  E*^  is 
the  standard  potential;  0  and  D  are  the  diffusion  coefficients  of  the 
reduced  and  oxidized  forms,  respectively;  r  is  the  radius  of  the 
microelectrode  and  other  symbols  have  their  usual  meanings.  Equation  (1) 
shews  that  a  plot  of  E,  versus  1/r  will  give  a  straight  line  whose 
slope.  A,  is 

A  -=  -2RrDy(nFk®)  3j 

from  which  is  easily  calculable  with  an  error  of  about  22%  [22] . 

The  half-wave  potentials  for  the  reduction  of  Ru(NH3)^  in  the 
media  investigated  were  determined  for  electrode  radii  within  2.5  and 

J~<py 


10 


12.5  pm.  ^totwithst^rxiLng  precise  potential  measurements  were  made, 
accurate  to  ImV,  the  did  not  diar^  by  changing  the 

electrode  radius  with  respect  to  those  reported  in  Table  II  for  the  12.5 
pm  radius.  From  this  result  only  a  lower  limit  of  can  be  given  by 
assuming  that  t±ie  variation  of  E-j^/2'  electrode  radii  enployed, 

is  equal  to  the  accuracy  (i.e.  IntV).  By  this  procedure  and  assuming  as 
Dq  the  bulk  diffusion  coefficients  determined  with  the  microelectrodes 
(see  later),  the  k*^  reported  in  Table  III  were  obtained.  Ihe  lower 
limits  found  in  water  are  in  line  with  the  k^  r^orted  in  the  literature 

and  obtained  in  different  ways.  Values  ranging  from  0.92  and  1.8x10-2 

2-1  0 
m  s  have  been  in  fact  reported  [15,18].  The  estimated  values  of  k 

support  a  posteriori  the  hypothesis  made  before  that  the  large  A  E 

recorded  with  the  conventional  electrodes  is  due  to  both  charging 

currents  and  ohmic  drop.  In  fact  with  tie  conventional  electrodes  a  A  E 

higher  than  60  mV  should  have  been  observed  only  at  very  high  scan 

rates,  say  for  instance  >  lOOV/s,  to  corpete  to  some  extent  with  the 

heterogeneous  electron  transfer  rate. 

Diffusion  coefficients  were  obatined,  in  the  range  of  linear 
dependence  of  current  responses  on  the  concentraticn ,  by  using  either 
the  conventional  and  microelectrodes.  With  the  macroelectrode  the 


apparent  diffusicxi  coefficients  were  determined  from  the  cyclic 
voltarmetric  peak  currents  by  using  the  Randles -Sevcik  equation  : 

i  =kn3/W/V^V  4) 

P 

1  '2  '' 

The  slopes  of  the  plots  i^*  vs  v  ^  ,  evaluated  by  the  least-square 
method,  were  actually  enployed  instead  of  a  single  current  response 
;  eoorded  at  a  given  v.  With  the  microelectrodes  the  diffusion 
coefficients  were  evaluated  from  the  equation  ( 5 )  holding  for 


measurement  under  steady-state  conditions  [13]: 


11 


id  =  4nFDC*r  5) 

★ 

C  is  the  bulk  concentration.  In  this  either  direct  insertion  of 

the  bulk  ocnoentration  in  the  eqn,  (5)  and  the  id  vs  r  plot  were 
enployed.  The  results  obtained  are  reported  in  Table  IV.  It  must  be 
enphasized  that  the  electrochemical  parameters  obtained  for  milk  and 
cream  are  apparent  values,  since  given  the  heterogenousity  of  the  media, 
thev  may  depeiid  on  the  amount  of  dispersed  phases. 

For  any  medium  at  least  five  measurements  on  different  sanples  either 
coming  from  the  same  or  different  lots  were  made  and  each  datum  is 
mediated  over  at  least  three  replicates.  Although  milk  and  dairy 
products  are,  in  a  qualitative  sense,  fairly  constant  in  oorposition  and 
properties,  there  are  considerable  variations.  Chemicoal  (oonpositicn, 
size  and  stability  of  structural  elements,  and  physical  prcperties  may 
all  differ  among  lots  of  milk  and  cream,  due  also  to  processing 
treatments  (hQmogenei2ation,  heat  treatment,  etc.  ).It  follows  that 
diffusion  coefficients  may  change  from  one  sanple  to  another.  Table  V 
reports  sere  typical  values  obtained  in  different  sanples  of  milk  and 
cream  from  vhich  those  reported  in  Table  IV  were  mediated.  From  this 
table  the  expected  differences  from  one  lot  to  another  are  evident. 

In  order  to  take  into  account  a  possible  ocnoentration  effect  due  to 

preferential  solubilization  of  Ru(NH3)g  in  the  aqueous  phase,  the 

concentration  oi  the  probe  nolecule  was  also  corrected  as  follows:  C  = 
★ 

C  /  (I-**"),  where  <t>  is  the  volume  fraction  of  the  disperse  phase.  In 
milk  and  cream  4-  has  been*  evaluated  cn  the  basis  of  three  main 
contributions  [23]:  protein  pairticles  (♦p),  lactose  molecules  and 

milk  fat  (<l>^).  All  these  species  have  hydrodynamic  radius  >0.5  nm.  For 
proteins  ( including  casein  rrioelles )  and  lactose  an  overall  value  of 
0.16  has  been  shown  to  fit  theoretical  curves,  assuming  Newtonian 
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behavicxir  [23] .  Thus,  <I>  can  be  determired  by  the  follcwing 
relationship :<I>  =  0.16-hJ>^  which  hold  up  to  <t>=  0.7.  The  D’  values  reported 
in  table  IV  were  obtained  by  using  the  C  in  equations  (4)  and  (5).  Prom 
table  IV  appears  that  the  D  anl  D'  values  differ  also  as  much  as  five 
times  in  35%  fat  cream  sample  with  the  cxnventicnal  electrodes,  whereas 
there  is  less  differenoe  among  those  obtained  with  the  micxoelectixjdes . 
This  fact  depends  on  the  particular  forms  of  the  equations  relating 
diffusion  coefficient  and  oonoentraticn  with  the  two  types  of  working 
electrodes ,  as  shown  from  eqns.  (4)  and  (5).  Thereiore,  it  is  evident 
that  uncertainty  on  oonoentraticn  cause  a  less  aotourate  evaluation  of  D 
to  be  done  with  the  oonventional  electrcdes. 

Interpretaticn  of  the  mass  transport 

The  results  so  far  obtained  pose  puzzling  features  CDn  the  role  played 
by  dispersed  phases  in  milk  and  cream.  From  the  data  of  heterogeneous 
electron  transfer  cxnstant,  it  would  seem  that  no  influenoes  arise  from 
these  phases  on  the  cxe -electron  reduction  of  Ru(NH2)g  The 

voltaimograms  obtained  with  the  microelectrodes ,  where  both  charging 
currents  and  cahmic  drop  are  negligible,  maintain  charatcteristics  of  high 
reversibility  in  all  the  media  investigated.  Moreover,  for  a  given 
medium,  no  shift  of  the  half-wave  potential  was  cbserved  by  changing  the 
electrode  radius  and  the  estimated  values  in  water  and  in  the 
heterogenecxis  sanples  compare  quite  well.  These  facts  mean  that  the 
electron  uptake,  from  the  electroue  to  the  probe  molecaxLe,  probably 
takes  place  in  the  acjueous  phase.  Likewise  no  negative  effect  seems  to 
arise  from  the  organic  matter  dissolved  in  the  aiquecxis  phase.  Their 
adsorbticn  onto  the  electrcde  surfaoe  might  have  hindered  to  sane  extent 
the  electron  transfer. 

Different  ooncclusicns  should  be  drawn  out  by  considering  the 
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dependence  of  half  wave  potentials  and  the  diffusion  coefficients  of  the 
probe  molecule  on  the  ootiposition  of  the  different  media.  The  negative 
shift  in  the  half-wave  potential  at  both  types  of  elecrtrodes  along  with 
the  lower  diffusion  coefficients  obtained  \iheri  going  from  water  to  milk 
and  cream  would  rather  suggest  the  oocurrenoe  of  some  interaction 
between  the  probe  molecule  and  the  dispersed  phases.  It  has  been  usually 
found,  in  fact,  that  molecule  probes  in  synthetic  water-micellar  [24-27] 
or  water-emulsion  [28,29]  systems  can  display  two  types  of  behaviour 
just  depending  on  whether  they  interact  or  not  with  the  micelles  or  the 
emulsion  droplets.  In  the  former  case  a  peak  current  depression  ( 
because  a  decrease  of  the  diffusion  coefficient)  and  a  half-wave 
potential  shift  towards  more  negative  values  have  been  found,  for 
reduction  (vice  versa,  for  oxidation).  The  potential  shift  has  been 
taken  in  many  cases  as  ejqserimental  evidences  suggestive  of 
microenvironmental  changes  [30].  On  the  contrary,  in  the  latter  case  no 
changes  were  observed  either  in  the  current  responses  and  in  the 
half-wave  potentials. 

The  micelles  or  the  emulsions  in  milk  and  cream  may  actually  bind  the 
probe  molecule  either  in  its  reduced  or  oxidized  forms.  Under  the 
hypothesis  that  the  electron  transfer  occurs  in  the  aqueous  phase,  a 
cferucal  reaction  (exit  of  the  molecule  fron',  the  micelle  or  emulsion) 
needs  to  precede  the  electron  transfer  itself.  Under  these  oonditions 
only  an  infinitely  fast  exit-entry  reaction,  and  of  only  one  form  ( 
bound  or  free)  electroactive',  would  have  no  effects  on  the  apparent 
reversibility  of  the  process,  as  it  corresponds  to  the  case  of  a  single 
diffusing  species  [31-33] .  However,  in  this  case  the  half-wave 
potentials  would  also  depend  on  the  equilibrium  oonstant  relevant  to  the 
p)artition  of  the  probe  molecule  between  the  continuos  and  the  dispersed 
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phases. 

In  other  cases,  as  for  instane  in  micellar  solutions  of  O.IM 
hexarfecyl  trimethyl  ammonium  bronicie  (CTAB),  the  water  soluble 
ferrocyanide  displayed  a  shift  of  the  half-wave  potential  which  has  been 
accounted  for  as  a  possible  interaction  of  ferrocyanide  (-4)  charged 
anicn  with  the  positively  head  groups  of  the  surfactants  [20] .  A  similar 
interaction  of  negatively  charged  speches  of  milk  and  cxeam  with 
Ru(NH2)g  may  be  invoked  to  explain  the  abcxit  40  or  20  mV  half-wave 
potential  shift  at  oonventi<cnal  and  mi(croelectrodes,  respectively,  from 
water  to  milk  and  cream.  It  is  not  unlike  that  some  of  the  numerous 
.species  present  in  milk  may  interacrt  elettrostatically  wih  the  probe 
molecxile,  even  if  it  is  very  difficult  to  get  some  evicienoe  of  this  fact 
under  our  experimental  conditions.  Another  possibility  is  that  RuCNH^)^ 

undergoes  a  ligand  exchange  reaction  in  the  primary  cxordinatico 
sphere  with  some  of  the  species  present  (dissolved  in  the  water  phase) 
in  milk  and  cream  and  this  reacrticn  is  in  equilibrium. 

No  sensible  half-wave  potential  shift  or  high  decrease  of  the 
diffusion  coefficient  was  instead  observed  going  from  skim  milk  to 
cream.  If  we  take  milk-fat  as  the  surfactant  for  our  media,  this  result 
do  not  parallel  the  voltarmietric  behaviour  observed  for  specie  which  are 
bcxind  or  dissolved  in  the  mioelles  or  microemulsions  upcn  changing  the 
surfactants  to  water  ratios  [31,34].  (h  the  other  hand  if  we  take  casein 
(or  the  other  proteins)  as  surfacrtants  a  shift  was  observed  by  going 
from  water  soluticns  to  water  soluticos  added  of  about  2.5  g/1  of 
casein,  as  indicated  from  data  reported  in  Table  II.  Thus  it  can  be 
crxduded  that  if  interaction  exists  betv^en  probe  molecule  and  other 
species,  this  primarily  involves  proteins  either  water  soluble  or  in 
mioelles. 
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The  role  played  by  the  bulk  visoosity  of  the  medium  was  also 
examined.  In  Table  VI  are  reported  tie  bulk  viscosities  and  the  relevant 
diffusion  coefficients  obtained  with  the  micxoelectrode  of  12.5  pm 
radius.  this  table  it  is  evident  that  no  correlation  exists  between 

bulk  visoosities  and  diffusion  coefficients.  It  is  more  likely,  as  shewn 
in  other  cases,  that  the  diffusion  coefficient  of  the  bulk  phase  probe 
is  strictly  related  to  the  microvisoosity  of  the  medium  [28,35].  This 
would  explain  for  the  relatively  high  diffusion  coefficient  determined 
in  35  %  cream  sample  fat,  in  spite  of  its  very  high  bulk  visoosity.  This 
observation  too  suggests  preferential  solubilization  of  RuCNH^)^^^  in 
the  aqueous  phase. 

As  reported  by  Mackay,  the  diffusion  coefficient  of  a  water  soluble 
species  in  microe  tulsions  (D)  can  be  predicted  from  the  relevant  value 
in  the  water  phase  (D^)  by  the  following  equation: 

D  =  D^d-'toomp)'^*^  6) 

where  <t>oorp  is  the  phase  volume  as  detennined  by  oonposition  and  the 

exponent  n  is  1.5  at  low  oil  content  and  decreases  towards  the  value  0.5 

for  a  coarse  emulsion.  For  our  types  of  emulsions,  it  is  not  easy  to 

give  exact  values  to  both  4>  and  n.  However,  estimate  values  can  be 

tentatively  drawn  by  considering  tie  average  ocmposit.ion  of  the  media 

irrvestigated .  In  particular  the  '.^eight- fraction  water  has  been 

determined  by  suntracting  from  the  overall  weight,  fat  and  solid-not  fat 

[38]  and  specific  gravity  of  the  microemulsion  was  assumed  to  be  that  of 

-3  o'" 

milk  fat  (equal  to  0.916  Kgm  •  at  20  C).  As  the  n  value  is  ocnoemed  we 
used  1.5  which  has  been  reported  in  Ref.  [36]  to  fit  for  the  case  of 
Cd^^  reduction  of  in  microemulsions.  Finally  we  assumed  Dq  to  be  equal 
to  that  of  Ru(NH^)^  in  phosphate  buffer-water  solution.  Table  VII 
collects  the  ’/alues  so  calculated.  From  oortparison  of  the  values  of  this 
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table  with  those  of  Table  IV  appears  that  the  average  diffusion 
coefficients  determined  im  cream  sanple  at  fiigh  fat  content  are  somehow 
predictable  by  eqn.  (6),  v^iereas  for  the  other  sanples  the  values 
calculated  are  overestimated.  This  can  be  due  to  a  wrong  assunption  made 
for  Dq  since  it  does  not  correspond  to  the  water  solution  vdrLcdi  might  be 
drawn  from  milk  or  cream  if  all  colloidal  forms  were  s^jarated.  In 
addition  further  investigation  must  probably  be  done  to  better  account 
for  both  ‘P  and  n  values. 


OONCLUSIONS 

We  ha\e  shown  that  electrochemical  measurements  relevant  to  a  water 
soluble  redox  species,  with  both  conventional  and  microelectrodes,  can 
be  performed  in  milk  and  cream.  No  strong  effects  arise  from  the 
dispersed  phases  on  the  reduction  process  of  RuCNH^)^  for  the 
electrode  material  enployed  in  this  work.  The  measurements  are  almost 
completely  free  from  errors  due  to  background  currents  at  the 
microelectrode,  so  they  should  be  reconTrended  for  studies  to  be 
performed  in  these  systems. 

In  order  to  verify  whether  detection  of  low  ccnoentration  levels  can 
be  node  rn  these  media,  preliminary  measuremerits  have  been  carried  out 
by  using  more  sensitive  electxoanalytical  techniques  like  differential 
pulse  and  square  wave  voltanmetry  other  than  cyclic  voltammetry. 

Detection  limits  taken  as  three  times  of  the  current  backgiownd  were 
8x10-5  and  6x10-5  M  for  conventional  arid  mdcroelectrcde ,  respectively 
from  RuiNH^)^  CVs.  The  lower  detection  limits  were  of  7x10  and 
8x10  for  DPV  and  9x10  and  IxIO  for  SWV  at  the  micro  and 
conventional  electrodes,  respectively. 
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Table  1 


Results  of  cyclic  voltammetry  at  a  platinum  electrocSe  1-5  mm  ra±Lus  for 
Inf'.  RuCNHg)^  3+  in  the  media  indicated  at  20^C. 


Medium 

Scan  rate/ 
iriVs”^ 

A  E*/ 

±2  mV 

"%/2*/ 
±0.002  V 

^pb^^pc* 

Water  +  0-lM 

10 

60 

0.170 

1.10 

NaClO^ 

20 

60 

0.170 

1.05 

50 

61 

0.171 

1.01 

100 

59 

0.169 

1.02 

200 

61 

0.172 

0.99 

Water  +  O.IM 

10 

60 

0.170 

1-05 

Phosphate  buffer 

20 

59 

0.171 

1.02 

50 

60 

0.171 

1.03 

100 

61 

0.170 

0.99 

200 

62 

0.172 

0.98 

Skim  milk 

10 

70 

0.215 

0.90 

20 

80 

0.216 

0.98 

50 

105 

0.217 

1.02 

100 

110 

0.218 

1.04 

200 

110 

0.217 

0.98 

Whole  milk 

10 

70 

0.214 

0.95 

20 

70 

0.210 

0.98 

50 

90 

0.210 

1.01 

100 

100 

0.217 

1.04 

200 

100 

0.213 

0.97 

Cream  (11%) 

10 

90 

0.214 

0.92 

20 

90 

0.213 

0.94 

50 

105 

0.210 

0.98 

100 

110 

0.213 

0.95 

200 

100 

0.214 

0.97 

Cream  (20%) 

10 

83 

0.216 

0  98 

20 

100 

0.213 

0.95 

50 

119 

0.216 

0.94 

100 

112  ^ 

0.219 

0.97 

200 

112 

0.219 

1.01 

Cream  (35%) 

10 

120 

0.214 

0.99 

20 

140 

0.212 

0.95 

50 

145 

0.216 

0.93 

100 

145 

0.214 

0.91 

200 

145 

0.214 

0.89 

♦Average  values  from  at  least  three  replicates. 
Parenthesis,  fat  percentage. 


Table  II 


Results  of  Cyclic  voltanrnetry  at  a  platinum  electrode  12.5  pm  radius  for 
InM  RuCNH^)^  3+  in  the  media  indicated  at  2C‘’C. 


Medium 

slope*  of  log(id-i)/i  E 

l/4~^/4*/ 

■^1/2*/ 

vs  E/  ±2mV 

±2mV 

±0.(X)2  V 

Water  +  OlM 

NaClO^ 

59  [0.999] 

55 

0.170 

Water  +  OLM 

phosphate  buffer 

62  [0.999] 

56 

0.175 

Water  +  OlM 

phosphate  buffer 

60  [0.999] 

54 

0.190 

+2.5  gl~^  casein 

Skim  milk 

62  [0.999] 

60 

0.190 

Whole  milk 

60  [0.998] 

55 

0.195 

Cream  (11%) 

59  [0.999] 

59 

0.200 

Cream  (20%) 

59  [0.999] 

59 

0.195 

Cream  (35%) 

58  [0.997] 

58 

0.200 

*Average  values  fron  at  least  three  replicates. 

(  ),  fat  percentage. 

[]  oorrelation  ccefficients  of  the  relevant  straight  lines 


X-H 


Table  III 


Lower  liiTits  estimated  for  the  heterogeneous  electron  transfer  rate  for 
the  reduction  of  Ru(NH2)g  in  the  media  investigated  at  20®C 


1 

Medium 

kO 

10"^  ms"^ 

1 

Water  +  OIM 

NaClO^^ 

0.32 

1 

Water  +  O.IM 

phosf^Tate  buffer 

0.30 

1 

Water  +  O.IM 

phos{±iate  buffer 

0.14 

1 

+  2.5  g/1  Casein 

■ 

Skim  milk  (0.3%) 

0.11 

1 

Whole  milk  (4%) 

0.10 

■ 

Cream  (11%) 

0.10 

E 

Cream  (20%) 

0.10 

1 

Cream  (35%) 

0.10 

Parenthesis,  fat  percentage. 


1-  97 


Table  IV 

Diffusion  coefficients  obtained  from  measurements  vd.th  conwHitiooal  and 
microelectrodes  in  the  media  indicated  at  20^C. 


10^*/cmV^  10^'*/cm^s  ^ 


0.15 

12.5xl0~'^ 

0.15 

12.5x10  ^ 

Medium^ 

Water  +  OIM 

6.08 

6.30 

NaClO^ 

Water  +  0 . LM 

5.85 

5.98 

phosphate  buffer 

Water  +  0 . IM 

2.87 

2.41 

phosfhate  buffer 

+  2.5  g/1  Casein 

Skim  milk  (0.3%) 

1.54 

2.07 

1.08 

1.73 

Whole  milk  (4%) 

1.50 

2.04 

0.96 

1.63 

Cream  (11') 

1.32 

1.85 

0.73 

1.34 

Cream  ( 20% ) 

1.14 

1.30 

0.47 

1.04 

Cream  (35%) 

1.10 

1.52 

0.26 

0.78 

*Average  values 

from  at  least 

five  data 

obtained  from 

sanples  of 

different  lots. 

%  fat  percentage. 


r=  electrode  radius/  on. 


Table  V 


Typical  bulk  diffusion  cxaefficients  obtained  with  oonventicnal  and 
microelectrodes  on  same  of  the  sanples  investigated  at  20  C. 


r 


Medium 

Whole  milk  4% 
sample  iP  1 
2 

3 

4 

5 

Cream  35% 
sanple  fP  1 
2 

3 

4 

5 


10^*/cm^s"^ 

0.15  12.5x10' 


1.01(±0.09) 

1.27(±0.11) 

1.10(±0.15) 

1.40(±0.23) 

2.81(±0.32) 

1.20(±0.23) 

1.11(±0.16) 

1.03(±0.19) 

1.21(±0.32) 

1.01(±0.21) 


1.82(±0.09) 
2.35(±0.21) 
1.70(±0.12) 
2. OK  ±0.20) 
2.32(±0.12) 

1.90(±0.15) 

1.50(±0.18) 

1.20(±0.16) 

1.34(±0.11) 

1.54(±0.15) 


%  fat 

♦Average  value  from  at  least  four  replicates 
( )  standard  deviation. 
ir=  electrode  radius/  cm. 


Table  VI 


Diffusion  cxjefficients  of  Ru(NH2)g  obtained  at  platinum  electrode 
12.5  pm  radius  and  viscosities  of  the  media  at  20®C. 

10"^*/Kgm"^s'^ 

1.031( ±0.006) 
1.68(±0.03) 
1.82(±0.04) 

.  6.90(±0.68) 


*  Average  from  three  replicates 
%  fat 

( )  standard  deviation 


Medium  10^*/cm^s  ^ 
Water  +0.1M 

phosphate  buffer  6.25(±0.31) 
Skim  milk  0.3%  2.05(±0.12) 
vAxile  milk  4%  2.01(±0.15) 
Cream  35%  1.70(±0.21) 
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Table  VII 


Detjerminatian  of  diffusion  coefficients  by  means  of  eqn.  (6)  at  the 
given  4>oonp. 


Medium 


4ocnp 


10^/cm^s“^ 


Skim  milk(0.3%) 

0.14 

4.32 

Whole  milk (4%) 

0.17 

3.95 

Cream  (11%) 

0.25 

3.07 

Cream  (20%) 

0.31 

2.49 

Cream  (35%) 

0.44 

1.48 

Parenthesis,  fat  % 


FIGURE  CAPTION 


Fig.l-  Cyclic  voltammcgratns  recortied  on  a  wtole  nalk  sanple  at  a) 
platinum  12.5x10”^  cm  radius  and  b)  platinum  0.15  cm  radius,  and  a  cream 
35%-fat  sanple  at  c)  platinum  12.5x10”^  cm  radius  and  d)  platinum  0.15 
cm  radius.  Scan  rate  10  mVs”^  for  a)  and  c)  and  lOOmVs”^  for  b)  and  d). 

Fig. 2-  Cyclic  voltammograms  recorded  on  a  whole  milk  sanple  with  added 

ImM  Ru(NH2)gCl2  at  a)  platinum  12.5x10"'*  cm  radius  and  b)  platinum  0.15 

cm  radius,  and  a  cream  35%-fat  sanple  with  added  O.SmM  Ru(NH2)gCl2  at  c) 
-4 

platinum  12.5x10  cm  radius  and  d)  platinum  0.15  cm  radius.  Scan  rate 
10  mVs"*"  for  a)  and  c)  and  50mVs  ^  for  b)  and  d). 
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ABSTRACT 


Rate  enhancement  can  be  achieved  in  electrochemical  catalysis  by  using 
surfactants  to  preconcentrate  reactants  at  electrodes.  Control  of  reactivity 
can  also  be  attained.  The  use  of  micelles  and  w/o  microemulsions  for  these 
purposes  is  reviewed  briefly. 

Recent  work  is  reviewed  in  which  insoluble  cationic  surfactant  films  on 
electrodes  are  used  to  incorporate  catalysts  such  as  metal  phthalocyanine 
tetrasulfonates  (MPcTS^*)  and  Co(III)  corrinhexacarboxylates  by  ion  exchange. 
Remarkable  stabilization  of  didodecyldimethylammonium  bromide  (DDAB)  films  is 
achieved  when  MPcTS^'s  are  incorporated,  but  not  with  Co(III)  corrin 
hexacarboxylate .  Composite  DDAB-clay  films  are  not  ion  exchangers. 

Unsubstituted  metal  phthalocyanines  were  incorporated  into  these  composites  by 
casting  from  a  common  chloroform  solution. 

Both  DDAB  and  DDAB-clay  films  have  been  used  for  catalytic  dechlorination 
of  trichloroacetic  acid.  Kinetics  of  electron  transfer  between  reduced  catalyst 
and  trichloroacetic  acid  in  these  films  will  be  compared.  Films  adsorbed  from 
DDAB  dispersions  onto  electrodes  were  used  for  bulk  catalytic  reduction  of 
polychlorinated  biphenyls  (PCBs). 
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Introduction 

Extensive  studies  of  thermal  and  photochemical  reactions  over  the  past 

several  decades  showed  that  surfactant  media  can  enhance  rates  and  help  control 

1-3 

reactivity  in  bimolecular  reactions.  Rates  of  chemical  reactions  (R-Q^jg) 
in  micellar  solutions  are  usually  considered  to  be  the  sum  of  rates  in  the 
continuous  aqueous  phase  and  the  micellar  "pseudophase"  (R^^) : 

Robs  -  Rw  +  Rm  (1) 

For  a  bimolecular  reaction  between  A  and  B  in  aqueous  micelles,  for  example, 
the  simplest  case  is  where  both  reactants  are  bound  completely  to  micelles. 

Then  the  rate  of  the  reaction  in  the  water  phase  is  negligible  and 

Robs  -  tA][B]k„bs  -  fA]n.tBlmRm  (2) 

where  observed  rate  constant  Robs  reflects  the  moles  of  A  and  B  in  the  total 
volume  of  the  system,  V^.  Actual  concentrations  of  reactants  at  micellar 
reaction  sites  are  approximately  [A]/^ui  and  [BJjjj- 

where  is  the  volume  fraction  of  the  micellar  core.  Substitution  of 
these  concentration  terms  into  eq  2  gives: 

kobs  -  (3) 

Eq  3  shows  that  the  observed  rate  is  enhanced  by  compartmentalization  of 

reactants  into  the  reaction  volume  producing  an  apparent  catalysis. 

Rate  enhancement  is  mainly  a  consequence  of  high  reactant  concentrations  in  the 

micellar  volume,  which  contains  all  the  reactants.  This  rate  enhancement  is  of 

considerable  practical  importance.  Although  much  more  sophisticated  treatments 
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of  kinetics  in  micelles  are  available,  '  the  simple  concepts  described  above 
are  useful  for  a  qualitative  understanding  of  chemical  reactions  coupled  to 
electron  transfer  at  electrodes  in  micellar  solutions. 

The  principles  of  rate  control  and  enhancement  by  surfactant  aggregates  can 
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also  be  applied  to  electrochemical  catalysis.^  In  this  method,  a  catalyst 
(mediator)  shuttles  electrons  between  electrodes  and  substrates  that  are 
otherwise  difficult  to  reduce  or  oxidize.  The  main  advantage  is  that  the 
catalyzed  reaction  needs  less  energy  (i.  e.,  smaller  overpotential)  and  is 
faster  than  direct  electron  exchange  between  substrate  and  electrode.  The  rate 
determining  steps  in  these  reactions  are  often  bimolecular  electron  transfers, 
and  are  amenable  to  micellar  alteration  of  kinetics  (cf.  eqs  1-3). 

In  this  paper,  we  will  refer  to  model  reactions  involving  two-electron 
reductive  cleavage  of  carbon-halogen  bonds.  Reactions  include  dechlorinations 
of  aryl  halides,  alkyl  vicinal  dlhalides,  and  haloacetic  acids,  yielding  as 
products  aromatic  hydrocarbons,  alkenes,  and  acetic  acid,  respectively.  Such 
reactions  can  be  catalyzed  by  organic  catalysts  such  as  anthracene  derivatives 
and  macrocyclic  complexes  including  metal  corrins  and  phthalocyanines .  A 
typical  reaction  pathway,  where  R  -  -CH2COOH  or  a  phenyl  ring,  is  as 
follows : 


Scheme  I 


P  -H  e  c  Q 

E° 

(at  electrode) 

(4) 

RX  Q  »  RX-*- 

+  P 

(5) 

RX-*-  -  R- 

X’ 

(6) 

R-  -H  Q  -  P 

+  R‘ 

(fast) 

(7) 

R‘  -f  (H-I-)  -♦ 

RH 

(fast) 

(8) 

Catalyst  P  is  dissolved  in  the  surfactant  medium  or  immobilized  on  the 

electrode.  At  potentials  near  E°,  P  is  reduced  to  its  activated  form  Q  at  the 

electrode  (eq  4).  Q  transfers  electrons  to  acceptor  RX  (eq  5). 

Eq  5  is  the  rate-determining  step  (rds)  in  many  aryl  halide  and  haloacetic 
5  8 

acid  reductions,  but  cleavage  of  radical  RX-*-  in  eq  6  may  become 
important  for  aryl  halides  in  micellar  media  when  rates  of  eq  5  are  greatly 
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enhanced.  For  aliphatic  halides,  eqs  5  and  6  are  probably  concerted.  In 

both  cases,  a  second  ET  and  protonation  (eqs  7  and  8)  yield  RH.^^  The 

resulting  advantage  is  that  RX  is  reduced  to  RH  at  the  formal  potential  (E°) 

of  the  catalyst,  rather  than  the  more  negative  potential  for  direct  reduction 

of  RX  at  the  electrode.  P  is  regenerated  in  the  catalytic  cycle,  and  gets 

reduced  again  at  the  electrode .  The  electrochemically  measured  peak  current  for 

reduction  of  P  (eq  1)  is  larger  when  RX  is  present.  This  is  called  the 

"catalytic"  current  and  can  be  used  to  evaluate  kinetic  constants.^  It  is 

also  proportional  to  the  concentration  of  RX.  Many  of  the  organohalide 

reactants  discussed  here  are  toxic  environmental  pollutants.^  Thus, 

electrochemical  catalytic  reductions  in  surfactant  media  can  be  the  basis  for 

detection  and  decomposition  of  environmental  pollutants. 

In  this  paper,  we  briefly  review  recent  history  of  electrochemical 
catalysis  in  micelles  and  microemulsions  by  way  of  examples  from  our  own 
laboratory.  We  then  discuss  recent  results  on  the  use  of  stable  liquid  crystal 
surfactant  films  on  electrodes  for  these  reactions.  Finally,  we  present 
applications  involving  bulk  dechlorination  of  polychlorinated  biphenyls  in 
surfactant  dispersions  which  form  similar  films  on  electrodes. 

Catalysis  in  Micelles  and  Microemulsions. 

Enhancement  of  Rates.  Thus  far,  the  best  rate  enhancements  for  catalytic 
dehalogenations  in  micellar  systems  were  found  with  nonpolar  catalysts  and 
substrates  and  cationic  surfactants.  At  potentials  negative  of  -2  V  vs.  SCE, 
the  nonpolar  reactants  were  bound  almost  entirely  to  surfactant  aggregates.  One 
system  investigated  in  detail  employed  9-phenylanthracene  (9-PA)  as  catalyst 
and  A-bromobiphenyl  (4-BB)  as  substrate.  The  surfactant  was 

cetyltrimethylammonium  bromide  (CTAB)  and  the  cathode  was  Hg.  In  this  system 
debromination  of  4-BB  occurs  at  an  applied  potential  of  about  -2.1  V  vs  SCE. 
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The  observed  value  of  for  reaction  of  9-PA  anion  radical  with  4-BB  was 
about  10^  M'^s*^  in  0.1  M  CTAB  compared  to  300  M*^s*^  in 

dimethylformamide . ^  The  reason  for  the  better  than  1000-fold  rate  enhancement 
is  embodied  in  eq  3.  This  reaction  occurs  with  the  nonpolar  reactants  and 
surfactant  coadsorbed  in  a  thick  film  of  surfactant  on  the  Hg  electrode  (Fig. 
1),  making  local  reactant  concentrations  quite  large.  Nonionic  and  anionic 
surfactants  gave  poor  protection  against  side  reactions  for  the  active  9-PA 
anion  radical  formed  at  the  electrode  (eq  4) . 

Similar  reactions  in  aqueous  CTAB  with  catalysts  having  E^'s  more 
positive  than  -2  V  vs  SCE  also  gave  rate  enhancements,  but  not  greater  than 
25 -fold  in  any  case.  At  these  potentials,  preconcentration  of  reactants  by  CTAB 
films  on  the  electrode  was  not  effective;  these  reactions  occurred  mainly  in 
diffusing  micelles. In  such  cases,  reactants  are  statistically 
distributed^  among  micelles,  decreasing  their  concentration  product  at 
micellar  reaction  sites  compared  to  situations  where  both  reactants  are 
concentrated  in  a  thick  film  on  the  electrode. 

Control  of  Reactivity.  We  also  studied  the  kinetics  of  catalytic  reduction 

of  several  alkyl  vicinal  dibromides  by  vitamin  ^i2'  ®  water  soluble  cobalt 

corrin  complex,  in  w/o  microemulsions.  The  reaction  pathway  is  similar  to 

scheme  I,  but  the  rds  is  an  inner  sphere  electron  transfer  between 

11  1  ? 

alkyl  dibromide  (eq  10)  .  ’  This  can  occur  by  a  radical 

mechanism  as  in  eqs  10,11,  or  by  a  concerted  E2  elimination.  These  two  pathways 
are  kinetically  indistinguishable  and  both  give  alkene  as  the  product. 
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Scheme  II 

Co(II)  +  e  =  Co(I)  (at  electrode)  (9) 

Co(I)  +  RX2  - >  RX-  +  X'  +  Co(II)  (rds)  (10) 

RX-  +  Co(I)  - >  alkene  +  X‘  +  Co(II)  (11) 

In  w/o  microemulsions  of  Aerosol  OT  (AOT,  bis(2-ethylhexyl)sulfosucclnate)/ 

water/isooctane,  the  highly  water  soluble  vitamin  resides  entirely  in 

water  pools.  Substrates  ethylene  dibromlde  (EDB) ,  1 , 2-dlbromobutane  (DBB) ,  and 

trans-1 , 2-dibromocylohexane  (t-DBC)  are  present  mainly  in  the  continuous 
12 

Isooctane  phase.  Thus,  catalyst  and  substrate  are  spatially  separated  in 
the  two  phases  of  the  microemulsion  (Fig.  2). 

Because  of  the  high  resistance  of  w/o  microemulsions,  microelectrode 
voltammetry  was  required  to  observe  kj^.  The  reaction  occurred  at  diffusing 
water  microdroplets,  rather  than  on  the  electrode  surface.  Observed  apparent 
kj^'s  were  three  orders  of  magnitude  smaller  in  the  w/o  microemulsion  than  in 
acetonitrile/water.  Attenuation  of  rates  occurs  because  of  the  spatial 
segregation  of  the  reactants. 

Relative  observed  k^-values  for  DBB : EDB : t-DBC  were  1:2:4  in  water/MeCN 

12 

and  1:4:20  in  the  microemulsion.  Thus,  the  microemulsion  alters  the 
relative  reactivities  of  the  alkyl  dibromides.  The  increase  in  relative 
reactivity  of  t-DBC  in  the  microemulsion  may  be  caused  by  selective  interaction 
of  this  cyclic  substrate  with  the  AOT  hydrocarbon  tails  at  the  outer  surface  of 
the  water  pools. 

Electrochemical  Catalysis  in  Cast  Surfactant  Films. 

Enhancements  in  rates  of  mediated  bimolecular  reductions  under  conditions 
where  co-adsorption  of  thick  cationic  surfactant  films  and  reactants  occurred 
on  the  surface  of  electrodes  encouraged  us  to  prepare  films  usable  for 


J-//0 


6 


catalysts  with  a  broad  range  of  E^s.  As  discussed,  very  negative  electrode 
potentials  were  required  to  spontaneously  adsorb  cationic  surfactant  coatings 
useful  for  reactant  preconcentration.  We  sought  more  general  surfactant 
coatings  usable  over  a  wide  potential  window.  We  also  hoped  that  the  films 
could  preconcentrate  reactants  and  lead  to  practical  rate  enhancements. 

To  achieve  these  goals,  we  recently  began  to  Investigate  films  of  Insoluble 
cationic  surfactants  and  surfactant-clay  composites  cast  onto  pyrolytic 
graphite  electrodes.  Such  films  were  studied  previously  in  free-standing  forms 
as  semlpermeable  membranes.  Permeabilities  of  these  films  to  water 

soluble  neutral  organic  probes  respond  to  phase  changes.  In  the  solid- like  gel 
phase,  hydrocarbon  chains  of  the  surfactant  are  In  an  ordered  all-trans 
orientation  and  the  films  are  nearly  impermeable  to  the  probes.  Above  phase 
transition  temperature  T^,  kinks  in  the  hydrocarbon  chains  develop  and  cause 
the  onset  of  a  fluid  liquid  crystal  phase. Soluble  probes  readily  pass 
through  the  films  in  the  liquid  crystal  phase. 

Structures  for  these  films  (Fig.  3)  were  proposed  on  the  basis  of 

phase  transition,  permeability.  X-ray  diffraction,  and  spectroscopic  data.  As 

we  shall  see,  these  structures  are  qualitatively  consistent  with  our 
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electrochemical  results.  ’ 

I .  Dialkvldlmethvlammonlum  Films  on  Pvrolvtlc  Graphite  Electrodes. 

Preparation  of  films.  We  have  studied  electrochemical  and  catalytic 
properties  of  films  of  water- Insoluble  double  chain  surfactants  didodecyl-  and 
dioctadecyldlmethylammonium  bromide  (DDAB  and  DODAB)  on  pyrolytic  graphite  (PG, 
HPG  type,  Union  Carbide)  disk  electrodes.  The  films  were  prepared  by  making 
solutions  0.01  to  0.2  M  of  surfactant  in  chloroform,  and  placing  a  measured 
amount  of  this  solution  with  a  syringe  onto  a  PG  disk.  In  our  present 
preparation  method,  the  chloroform  is  allowed  to  evaporate  overnight  after 
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placing  a  small  bottle  over  the  electrode  to  serve  as  a  closed  evaporation 
chamber.  The  coated  electrode  is  subsequently  cured  in  air  overnight.  This 
method  gave  more  uniform  and  reproducible  films  than  an  earlier  technique  of 
evaporation  in  air,^^  although  results  with  both  methods  of  preparation  are 
similar.  The  films  are  from  1-40  tim  thick  corresponding  to  about  500  to 
10,000  monolayers  of  surfactant.  Surfactant  coatings  are  generally  stable  for 
at  least  five  days  when  used  in  aqueous  KBr  solutions. 

Electrochemical  properties.  The  films  take  up  large  amounts  of 

O 

electroactive  multivalent  anions  such  as  ferrocyanide  (ca.  3.5  x  10  mol 
cm*^  for  20  /xm  thick  DDAfi  films  at  25  °C  and  35  or 

multlanionlc  metal  macrocycllc  complexes  from  aqueous  solution  at  temperatures 
above  their  gel- to-liquid  crystal  phase  transitions.  They  reject  hydrophilic 
electroactive  cations  and  are  permeable  to  hydrophobic  cations. 

Electrochemistry  of  incorporated  anions  can  be  turned  off  by  bringing  the  films 
to  the  gel  phase,  and  turned  on  again  by  returning  to  the  liquid  crystal  phase. 

Uptake  of  multivalent  anions  is  illustrated  (Fig.  4)  by  increasing  currents 
in  repetitive  scan  cyclic  voltammograms  of  a  DDAB  coated  PG  electrode  in  a 
solution  of  vitamin  E-^2  hexacarboxylate  at  pH  5.7  (Fig.  5).  This  macrocycllc 
complex  has  a  pK^  of  4.8;  it  is  fully  ionized  an  pH  6.3.  Its  concentration 
builds  up  in  the  film  by  ion  exchange,  causing  the  successively  increased 
currents  on  repeated  scans.  When  no  more  of  the  vitamin  82^2  hexacarboxylate 
can  enter  the  film,  the  peak  currents  remain  constant.  This  is  called  the 
steady  state  condition  under  which  most  characterization  experiments  were  done. 

In  addition  to  vitamin  8^2  hexacarboxylate  and  ferrocyanide,  we  studied 
uptake  and  retention  of  copper  phthalocyanine  tetrasulfonate  (CuPcTS^*),  and 
nickel  phthalocyanine  tetrasulfonate  (NiPcTS^*)  (Fig.  5)  in  DDA8  and  D0DA8 
films.  All  of  these  ions  showed  a  rapid  uptake  similar  to  that  in  Fig.  3.  An 
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approximately  30X  Increase  in  peak  current  was  found  when  0.2  M  butanol  was 
present  in  the  electrolyte  solutions.  This  suggests  an  increase  in  fluidity  of 
the  film  caused  by  incorporation  of  butanol. 

When  DDAB-PG  electrodes  prepared  as  described  above  and  loaded  with 
ferrocyanide  or  vitamin  h-^2  bexacarboxylate  were  placed  in  solutions  of 
aqueous  electrolyte  not  containing  electroactive  anions,  successive  CVs 
revealed  that  75Z  of  the  ions  in  the  film  leached  out  in  an  hour  or  two.  In 
contrast,  DDAB-PG  electrodes  loaded  to  the  steady  state  condition  with 
NiPcTS^'  or  CuPcTS^'  showed  remarkable  stability  when  placed  in  an 
electrolyte  solution  free  of  electroactive  anions.  For  example,  a  DDAB-PG 
electrode  loaded  with  NiPcTS^’  (3.4  x  10'®  mol/cm^)  and  placed  in 
NiPcTS^* -free  0.1  M  KBr  decreased  from  the  initial  cathodic  CV  peak  current 
by  only  about  102  over  11  days  of  Immersion! 

What  is  the  reason  for  this  remarkable  stability  when  NiPcTS^*  are 

present?  This  point  is  still  under  active  study  in  our  laboratory.  Preliminary 

results  show  that  CVs  of  the  MPcTS^'  ions  are  much  more  reversible  when  the 

ions  are  in  the  film  (Fig.  6)  compared  to  dissolved  in  aqueous  electrolyte. 

Also,  CVs  change  continuously  during  uptake  of  the  MPcTS^'  and  maximum 

stability  is  not  reached  until  full  loading  and  steady  state  conditions  are 

achieved  (Fig.  7).  The  poor  electrochemical  behavior  of  MPcTS^*'s  in  solution 

is  likely  related  to  aggregation  of  the  ions  in  solution,  leading  to  very  small 

19 

diffusion  coefficients,  and  also  aggregation  on  the  surface  which  may 
render  some  MPcTS^'  electrochemically  inactive . 

Aggregation  of  these  species  can  be  followed  via  their  electronic 
1 9 

absorption  spectra.  Preliminary  spectroscopic  studies  suggest  that  the 
MPcTS^'  in  DDAB  films  may  be  much  less  aggregated  than  at  equivalent 
concentrations  in  water.  Furthermore,  the  amount  of  aggregation  increases  as 
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concentration  of  MPcTS^'  in  the  film  increases.  Our  present  working 
hypothesis  is  that  aggregation  and  film  stability  may  be  related  in  some  way. 
This  is  further  supported  by  the  observation  that  films  only  partly  loaded  with 
MPcTS^'s  lost  these  ions  quickly  in  blank  electrolyte  solutions. 

Phase  Transitions.  The  transition  between  the  solid-like  gel  and  liquid 
crystal  phases,  as  driven  by  increasing  temperature,  turns  on  the 
electrochemi.stry  in  the  film.^^  CVs  were  recorded  at  different  temperatures 
for  DDAB  and  DODAfi  films  loaded  to  a  steady  state  with  Fe(CN)g^’  in  0.1  M 
KBr.  For  DODAfi  films  in  0.1  M  Kfir,  peak  oxidation  current  was  very  small  at 
temperatures  less  than  50  °C,  but  increased  dramatically  at  T>50  °C.  Loaded 
DODAfi  films  in  0.1  M  Kfir/0.2  M  butanol  showed  a  break  at  42  °C.  Similar 
temperature  effects  were  found  for  electrodes  coated  with  DDAfi.  The  break  point 
in  peak  current  vs.  T  (i-T)  plots  was  9(+l)®C  in  1  mM  f errocyanide/0 . 1  M  Kfir. 
The  break  point  for  DDAfi  films  was  2(+l)  when  0.2  M  butanol  was  present  in 
solution  (Table  1  ***include  all  T^  values*****) . 

Gel- to- liquid  crystal  phase  transitions  have  also  been  observed  for  cast 
films  of  insoluble  tetraalkylammonium  surfactants  by  differential  scanning 

•in  A  / 

calorimetry  and  optical  techniques.^  ’ The  ip  vs.  T  behavior  of  the  DDAB 
and  DODAfi  films  can  be  interpreted  in  terms  of  this  phase  transition.  The  i-T 
break  for  DDAB  is  at  about  9  °C,  very  close  to  the  T^.  value  found  for  DDAfi 
vesicles  suspended  in  water. The  break  for  DODAfi  in  0.1  M  KBr/0.2  M  butanol 
was  at  42  °C,  slightly  lower  than  that  for  DODAfi  vesicles  in  water  (44 

In  accord  with  the  effect  of  short  chain  alcohols  on  T^  values  of 
phosphatidylcholine  bilayers,  the  i-T  break  point  for  DDAB  was  lowered  from 
9  to  2  °C  in  the  presence  of  0.2  M  butanol. 

Thus,  electrochemistry  of  ions  can  be  turned  off  by  lowering  temperature 
below  T^ ,  and  turned  on  again  by  raising  temperature  above  T^ .  In  films 
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previously  loaded  with  ferrocyanide ,  much  of  the  ferrocyanide  remained  upon 
transfer  of  the  electrodes  from  solutions  at  a  temperatures  below  to  a 
ferrocyanide -free  solution  above  Thus,  shutting  off  the 

electrochemistry  appears  to  involve  the  Increased  rigidity  of  the  gel  state, 
slowing  charge  transport  dramatically,  rather  than  expulsion  of  ferrocyanide 
ions  from  the  films. 

The  observation  of  phase  transitions  suggests  at  least  partially  ordered 
multibilayer  structures  for  the  films.  Uater  and  incorporated  anions  are 
presumably  associated  with  surfactant  head  groups.  However,  preliminary 
experiments  on  DDAB  films  loaded  with  NiPcTS^'  have  not  revealed  a  clear  T^, 
point  above  0  °C.  However,  DODAB  films  loaded  with  NiPcTS^*  showed  a  sharp 
phase  transition  in  CV  data  at  about  42  °C,  about  the  same  as  when  loaded 
with  ferrocyanide.  Further  phase  transition  studies  by  electrochemistry  and 
scanning  calorimetry  are  underway. 

Catalytic  Reduction  of  Tricloroacetic  Acid.  All  catalytic  reactions  were 
studied  under  conditions  where  films  were  liquid  crystalline.  Preliminary 
studies  showed  that  DDAB  films  loaded  with  vitamin  Bj^2  hexacarboxylate , 
CuPcTS^' ,  and  NiPcTS^*  were  all  active  for  catalytic  reductive 

O 

dechlorination  of  trichloroacetic  acid  dissolved  in  solution.  Quantitative 
comparisons  of  catalytic  efficiency  will  be  reported. 
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II.  Composite  Films  of  Dlalkvldlmefhvl amninniuni  Surfactants  and  Clay. 

Natural  clays  are  cation  exchangers.  Colloidal  forms  of  the  clays  with 

?3  24 

sodium  as  the  only  exchangeable  cation  are  easily  prepared.  ’  These  sodium 
ions  are  readily  replaced  by  cationic  surfactants.  Electrodes  coated  with 
colloidal  clay  and  used  in  aqueous  micellar  solutions  of  CTAB  were  shown  to 
coadsorb  surfactant  and  reactants  in  dehalogenation  reactions,  leading  to  mild 
rate  enhancements . ^ 

Films  of  water- insoluble  tetraalkylammonium  surfactants  intercalated 
between  colloidal  clay  layers  were  recently  prepared  by  Okahata  and  Shimizu^^ 
as  membranes  with  controlled  permeability.  X-ray  diffraction  and  g®l  to  liquid 
crystal  phase  transition  data  suggested  that  surfactant  molecules  in 
tail-to-tail  bilayer  orientations  separated  the  clay  layers  (cf.  Fig.  3b).  In 
the  liquid  crystal  phase,  surfactant-clay  films  were  permeable  to  water-soluble 
organic  compounds.  Permeability  was  turned  off  by  bringing  the  films  to  the 
solid-like  gel  phase.  These  films  are  apparently  held  together  by  coulombic 
attraction  between  the  clay  and  surfactant  head  groups  combined  with 
hydrophobic  interactions  between  surfactant  tails.  Stability  of  surfactant-clay 
composites  to  extremes  of  ionic  strength,  temperature  and  pH  was  excellent. 

Ue  studied  electrochemical  properties  and  catalysis  using  films  made  from 
clay  colloids  and  DDAB  or  DODAB.  Metal  phthalocyanine  mediators  incorporated  in 
these  films  before  casting  were  extremely  stable  during  catalytic  reduction  of 
trichloroacetic  acid.  Unlike  films  made  entirely  from  surfactants,  the 
surfactant-clay  composites  are  not  ion  exchangers. 

Preparation .  A  dispersion  of  0.5  g  colloidal  sodium  bentonite  clay^*^  in 
25  mL  water  was  mixed  with  an  aqueous  dispersion  of  1.2  mmol  DDAB  or  DODAB  in 
10  mL  water  and  stirred  at  70°C  for  one  hour.^^  The  white  surfactant -clay 
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precipitate  was  filtered,  washed  with  water,  and  resuspended  in  15  mL 

chloroform.  Methanol  was  added  until  the  suspension  became  cloudy.  This  mixture 

was  aged  at  35  °C  for  30  min.,  allowed  to  cool  to  room  temperature,  and 

filtered  under  vacuum  until  the  solvent  was  removed. 

Films  were  made  by  depositing  60  uL  of  a  dispersion  of  the  surfactant-clay 

composite  (2  mg  mL'^)  in  chloroform  onto  a  freshly  polished  PG  disk. 

Chloroform  was  evaporated  overnight  in  air. 

Films  containing  iron(II)  or  cobalt(il)  phthalocyanine  (FePc  or  CoPc)  were 

made  by  mixing  1  mL  of  the  above  surfactant-clay  dispersion  with  1  mL  of  a  10 

mM  solution  of  the  FePc  or  CoPc  in  chloroform.  This  mixture  was  sonicated  for 

0.5  hr  and  a  measured  amount  (usually  120  uL)  was  deposited  onto  a  PG  disk. 

Electrochemical  Properties.  These  composite  films  acted  as  charge  transfer 

barriers  toward  both  positive  and  negative  multivalent  electroactive  ions  in 

solution  such  as  ferrocyanide(4-)  and  rutheniumhexammine  (3+).  Thus,  the  films 

18 

are  not  ion  exchangers.  They  took  up  ions  with  hydrophobic  ligands,  e.g. 
tris (2 , 2 ' -bipyridyl)cobalt(II) .  The  films  were  permeable  to  the  water  soluble 
neutral  p-quinone. 

Catalytic  Reduction  of  Trichloroacetic  Acid.  Metallophthalocyanines  (MPc) 

without  ring  substituents  are  very  insoluble  in  water  and  have  a  wide  range  of 

catalytic  activities  for  redox  reactions  112].  FePc  and  CoPc  were  dissolved  in 

DDAB-clay  dispersions  before  casting  on  PG  (see  above).  The  resulting  films 

contained  0.6  ^mol  MPc  and  0.12  mg  of  composite.  CV  gave  very  small  peaks 

for  MPc -DDAB-clay  electrodes  in  electrolyte  solutions.  Thus,  we  studied  these 

films  with  square-wave  voltammetry  (SWV)  to  get  the  required  sensitivity. 

FePc  films  gave  two  sets  of  reversible  SWV  forward  and  reverse  peaks  (Fig. 

1  Q 

8),  attributed  to  reductions  of  Fe(II)Pc  and  Fe(I)Pc  ,  respectively.  The 
CoPc  film  gave  forward  and  reverse  peaks  at  -0.45+0.02  V  vs.  SCE  consistent 
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with  a  reversible  Co(II)Pc/Co(I)Pc'  redox  couple.  In  general,  at  frequencies 

(f)  below  about  100  Hz,  thin  layer  electrochemistry  was  found.  Diffusion- like 

behavior  was  indicated  at  f^OO  Hz. 

In  solutions  of  trichloroacetic  acid,  CoPc-DDAB-clay  electrodes  gave 

increases  in  SVJV  current  (Fig.  9)  were  found  at  about  -0.5  V.  This  peak  was 

about  0.5  V  positive  of  that  for  unmediated  direct  reduction  of  trichloroacetic 

acid  on  an  electrode  coated  with  DDAB-clay,  but  not  CoPc.  Catalytic  efficiency 

expressed  as  the  ratio  of  catalytic  SWV  forward  current  (i^,)  to  the  forward 

current  for  the  CoPc  film  in  solutions  not  containing  trichloroacetic  acid 

(i^)  decreased  with  increasing  f,  as  expected  for  an  electrochemical 
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catalytic  reduction.  At  fixed  f,  catalytic  current  increased  with 
concentration  of  trichloroacetic  acid. 

FePc- DDAB-clay  electrodes  also  gave,  peaks  of  increased  height  in  solutions 
of  trichloroacetic  acid.  In  solutions  containing  this  substrate,  amplification 
of  cathodic  CV  and  forward  and  difference  SWV  currents  occurred  at  potentials 
of  the  second  reduction  peak  of  FePc,  -1.30  V.  This  is  only  about  50  mV 
positive  of  the  direct  reduction  peak  of  trichloroacetic  acid  on  DDAB-clay 
electrodes.  Catalytic  efficiency  decreased  with  increasing  f.  SWV  peak  current 
increased  with  concentration  of  trichloroacetic  acid. 

MPc-DDAB-clay  electrodes  gave  stable  catalytic  currents  for  over  10  days. 

In  fact,  a  lOZ  increase  in  current  was  observed  over  this  time.  CoPc-DDAB-clay 
electrodes  were  also  removed  from  solution,  washed,  and  dried  in  air.  Upon 
returning  to  10  mM  trichloroacetic  acid  in  0.1  M  KBr  the  next  day,  nearly  the 
same  catalytic  current  was  obtained. 

Results  for  composite  MPc  electrodes  in  trichloroacetic  acid  solutions  are 

Q 

consistent  with  catalytic  dechlorination  of  the  acid  by  Co(I)Pc  and 
o 

Fe(I)Pc  in  the  films.  This  reaction  is  similar  to  that  catalyzed  by  vitamin 


14 


MPcTS^*  mediators  in  DDAB  films  as  discussed 
above.  The  following  two-electron  pathway,  similar  to  Scheme  II,  describes  the 
kinetics : 

Scheme  III 

Co(II)Pc  +  e  «  Co(I)Pc’  (12) 

k2 

Co(I)Pc‘  +  RCl  --->  Cl’  +  Co(II)Pc  +  R-  (13) 

Co(I)Pc’  +  R-  --->  Co(II)Pc  +  R’  (fast)  (14) 

The  rate  determining  step  is  assumed  to  be  reaction  of  Co(I)Pc  with  substrate 
RCl  (eq  13),  as  in  other  reactions  of  this  type.^  Eq  14  is  a  source  of  the 
second  electron.  As  in  scheme  II,  a  kinetically  equivalent  alternative  is  a 
concerted  E2  elimination  to  give  R*  directly.  R*  presumably  undergoes  rapid 
protonation  to  give  product  RH. 

Using  SWV  theory  for  one-electron  catalysis,  we  computed  a  theoretical 
working  curve  of  vs.  log  k/f  for  our  experimental  conditions.  This 

was  used  to  estimate  apparent  pseudo -first-order  rate  constants  (k  -  k2[RCl]) 
for  the  two  catalytic  electrodes  from  the  catalytic  efficiency  ratios  measured 
under  diffusion- like  conditions,  where  i^  is  proportional  to  f^^^.  We 
compared  i^/2i^  to  the  working  curve  to  account  for  the  two  electrons 
needed  to  reduce  the  C-Cl  bond.  Good  agreement  of  experimental  and  theoretical 
catalytic  efficiencies  were  found  in  the  diffusion-controlled  frequency  range 

•j  _  1 

(Fig.  10).  Average  values  of  k  were  5.7+0.6x10  s  for  CoPc  and 
0.16+0.04x10^  s'^  for  FePc. 

Since  exact  concentrations  of  reactants  at  the  reaction  site  are  unknown, 
k-values  in  Table  I  are  apparent  rate  parameters  only.  Nevertheless,  they  can 
be  used  for  comparisons.  The  apparent  k  for  the  CoPc  film  is  35-fold  larger 
than  that  of  the  FePc  film.  Also,  the  CoPc  film  lowers  the  overpotential  for 
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reduction  of  trichloroacetic  acid  by  about  0.5  V. 

Thus,  mediation  of  reduction  of  trichloroacetic  acid  by  the  CoPc  film  is 
faster  than  that  of  FePc  films.  In  the  latter,  catalysis  occurs  at  potentials 
of  the  second  peak,  where  Fe(I)Pc  is  formed  in  the  film.  Fe(I)Pc  is 
unreactive.  Overpotential  for  reduction  of  trichloroacetic  acid  is  decreased  by 
less  than  0.1  V  by  FePc  films. 

Phase  Transitions.  Catalytic  reductions  with  MPc  films  were  examined  at  a 
series  of  temperatures  (T) .  Plots  of  forward  SWV  peak  current  vs.  T  for 
MPc-DDAB-clay  films  in  solutions  of  trichloroacetic  acid  showed  discontinuities 
at  5  °C,  below  which  catalytic  current  remained  nearly  constant.  Temperature 
dependence  of  the  catalytic  current  was  also  followed  in  a  film  made  from  clay 
and  dioctadecyldimethylammonium  bromide  (DODAB) ,  which  has  a  higher 
gel-to-liquid  crystal  phase  transition  temperature^^  than  DDAB-clay.  Peak 
current  measured  by  CV  and  SWV  vs.  T  for  FePc -DODAB -clay  in  solutions  of 
trichloroacetic  acid  showed  a  discontinuity  at  54  ®C. 

As  with  the  pure  surfactant  films,  structural  and  charge  transport 
properties  of  surfactant-clay  composites  are  governed  by  temperature. 

Previously  measured  values^^  of  T^  by  differential  scanning  calorimetry  and 
permeability  were  15  °C  for  DDAB-clay  and  54  °C  for  DODAB-clay.  (These 
values  were  5-10  °C  higher  than  for  aqueous  bilayer  dispersions  of  the 
surfactants  [8]).  T^  values  for  the  composites  are  similar  to  temperatures  of 
breaks  in  catalytic  current  vs.  T  curves  found  for  DDAB-clay  (5  °C)  and 
DODAB-clay  (54  °C) .  Results  of  these  experiments  indicate  that  charge 
transport  through  the  films  is  considerably  faster  in  the  liquid  crystal  phase 
than  in  the  gel  phase . 
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III.  Bulk  Catalytic  Dehalopenation  of  Polychlorinated  Biohenvls. 

An  ongoing  application  in  our  work  has  been  bulk  dehalogenation  of 

polychlorinated  biphenyls  (FCBs)  PCBs  and  their  commercial  mixtures  (Aroclors). 

PCBs  and  the  related  chlorodioxins  are  aryl  halides.  They  are  often  found  in 

27 

aquatic  sediments.  These  nonpolar  compounds  bind  strongly  to  surfactant 

aggregates,  and  thus  are  excellent  substrates  for  attempting  rate  enhancements. 

Electrochemical  catalysis  in  surfactant  media  does  not  require  excess  chemical 

reagents.  Surfactant  media  facilitate  stepwise  catalytic  dechlorination  (Scheme 

I)  in  the  presence  of  water  and  particulates  which  are  found  with  PCBs  in  the 

environment.  Toxic,  expensive  organic  solvents  can  be  avoided. 

As  working  electrodes  for  these  bulk  electrolytic  reactions,  we  use  carbon 

felt  or  mercury  cathodes  of  geometric  areas  10-35  cm  .  Zinc  phthalocyanine 

(ZnPc)  has  thus  far  been  the  most  active  catalyst  tested. These 

catalytic  reductions  are  very  selective  for  stepwise  dehalogenation.  No 

products  other  than  biphenyl,  its  reduced  products,  and  lower  PCB  congeners 

have  been  detected  by  HPLC  or  by  GC-MS. 

Our  most  successful  dehalogenations  of  PCBs  employed  ZnPc  in  aqueous 

acidified  dispersions  of  didodecyldimethylammonium  bromide  (DDAB) ,  present  in 

28 

water  as  lamellar  liquid  crystal  aggregates.  Carbon  felt  cathodes  were  used 
at  -2.3  V  vs  SCE  with  intermittent  ultrasound  to  enhance  mass  transport. 

Aroclor  1016  (42Z  Cl,  12  mg  in  25  mL  of  DDAB  dispersion)  was  completely 
dehalogenated  in  25  hr.  Less  than  lOZ  dehalogenation  was  found  for  analogous 
reaction  conditions  in  aqueous  CTAB. 

DDAB  facilitates  strong  coadsorption  of  ZnPc  and  PCBs  onto  the  negative 
cathode.  In  DDAB  dispersions,  the  reaction  takes  place  in  a  DDAB  film  on  the 
electrode  surface.  These  findings  illustrate  once  again  that  reaction  rates  are 
enhanced  by  coadsorbing  reactants  with  surfactant  coatings  on  electrodes.  The 
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negative  cathode  provides  a  favorable  surface  for  adsorption  of  dispersed 

cationic  DDAB  aggregates .  Coadsorption  of  nonpolar  reactants  with  DDAB  on  the 

0  0 

electrode  improves  rates  of  dehalogenation  compared  to  micellar  CTAB,  which 
is  less  completely  adsorbed  on  the  electrode. 

Very  recent  work  in  our  laboratory  has  shown  that  the  use  of  DDAB 
dispersions  containing  acetate  buffer  and  using  intense  ultrasound  gave  better 
bulk  dechlorination  rates  for  4 ,4' -dichlorobiphenyl  to  the  acidified  DDAB 
dispersions.  Controls  using  ultrasound  alone  showed  that  dechlorinations  were 
purely  electrolytic,  but  that  ultrasound  improved  yields  presumably  by 
improving  mass  transport.  These  experiments  gave  significant  yields  of  reduced 
biphenyl  derivatives  as  well  as  biphenyl.  Preliminary  work  with  Hg  and  Pb 
electrodes  indicate  that  they  give  better  yields  than  carbon  felt  electrodes 
(Table  II).  This  may  be  because  reduction  of  hydrogen  ions  is  a  less  efficient 
competitor  for  catalytic  dehalogenation  on  the  metal  electrode  surfaces. 
Further  studies  on  these  reactions  are  in  progress. 

IV .  Siimmarv  and  Conclusions . ******************************* 
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Figure  Captions 

Fig.  1.  Conceptual  representation  of  catalytic  reduction  of  organohalldes  [R  - 
aromatic  ring,  R'XCH-CH2-,  or  -CH2COOH]  using  mediator  P  In  a  surfactant 
film  on  an  electrode. 

Fig.  2.  Conceptual  representation  of  Co(I)  form  of  vitamin  Bj^2  water  pool 
of  w/o  mlcroemulslons  with  vicinal  dlhallde  reactant  In  the  oil  phase. 

Fig.  3.  Idealized  drawings  of  two  types  of  surfactant  films  that  can  be  cast  on 
electrodes  from  organic  solvent:  (a)  multlbllayer  film  such  as  obtained  with 
DDAB;  (b)  DDAB-clay  composite  film.  In  practice,  such  films  are  hundreds  to 
thousands  of  bllayers  thick. 

Fig.  4.  Repetitive  cyclic  voltammograms  at  0.10  V  s'^  of  DDAB-PG  electrode 
placed  in  solution  of  1  mM  82^2(^00* )g,  7  mM  HCN,  0.2  M  phosphate  buffer  pH 
5.7.  Successive  scans  give  increasing  peak  currents. 

US^.  Structures  of  two  types  of  metal  macrocyclic  catalysts:  (la) 
Co(III)corrinhexacarboxylate;  (lb)  metal  phthalocyaninetetrasulfonate . 

Fig.  6.  Cyclic  voltammograms  on  pyrolytic  graphite  electrodes  at  0.10  V  s'^ 
in  solutions  of  0.2  mM  NiPcTS^'/O.l  M  KBr:  (a)  bare  PG;  (b)  PG  coated  with 
ca.  1  /im  DDAB,  steady  state  after  multiple  scans. 

Fig.  7.  Cyclic  voltammograms  at  0.10  V  s*^  in  solutions  of  0.2  mM  NiPcTS^* 
in  0.1  M  KBr  with  PG  electrode  coated  with  ca.  1  fiw  DDAB:  (a)  after  3  min 
repetitive  scanning;  (b)  steady  state  after  144  min.  repetitive  scanning. 

Fig.  8.  Forward  and  reverse  SWV  in  0.1  M  KBr  for  FePc-DDAB-clay  electrode  at  f 
-  1500  Hz,  amplitude  25  mV,  step  height  2  mV. 

Fig.  9.  SWV  forward  currents  at  500  Hz,  25  mV  amplitude  in  0.1  M  KBr  (a) 

CoPc -DDAB-clay ,  no  trichloroacetic  acid;  (b)  DDAB-clay  without  CoPc  in  10  mM 
trichloroacetic  acid;  (c)  CoPc-DDAB-clay,  10  mM  trichloroacetic  acid. 
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Fig.  10.  Theoretical  (solid  line)  and  experimental  (A)  catalytic 
efficiencies  as  for  step  height  2  mV,  SW  pulse  height  25  mV,  k  -  5.7 

X  10  s*  .  Theoretical  line  computed  by  method  in  ref.  26. 


Table  I.  Phase  transition  temperatures  from  CV  and  DSC.  to  be  added. 
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Table  II.  Results  of  3  hr  electrolyses  of  8.5  mg  4 ,4' -dichlorobiphenyl  in  DDAfi 
dispersions®  using  ZnPc  as  catalyst 


Electrode  HPLC  analysis,  mol  t 

biphenyl  reducedj^  monochloro  dichloro 

biphenyls 


mercury  30  62  2  6 


carbon  felt  25  29  6  40 


\ 


^Electrolyte  solution  contained  0.08  M  DDAB,  0.1  M  acetate  buffer  pH  3.5,  0.1 
M  tetraethylammonium  bromide,  1  mM  suspended  ZnPc.  Applied  E  -  -2.3  V  vs  SCE  in 
undivided  cell  with  carbon  rod  counter  electrode  and  ultrasound  for  mass 
transport.  ^Fully  dechlorinated. 
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'll  The  Development  of  Heterogeneous  Catalysts  for  Use  in 
^  Anodic  Electrosyntheses  and  Electrodestruction  of 
Organic  Compounds  in  Aqueous  Surfactant  Systems. 

Thomas  C.  Franklin,  Jerald  Darlington,  Remi  Nnodimele  and  Robo^t  C.  Duty 
Baylor  UnivCTsity,  Department  of  Qiemistry 
Waco,Tx.  76798 

Practical  electro-oxidadon  of  organic  compounds  at  inert  electrodes  such  as  platinum 
encounters  a  number  of  difficulties  (1).  Among  these  are: 

1 .  Most  organic  compounds  are  insoluble  in  the  most  desirable  solvent  for 
electrolysis,  water.  There  are  several  basic  difficulties  with  doing  practical 
electrosynthesis  and  destruction  in  nonaqueous  systems.  The  high 
resistance  of  most  nonaqueous  solvents  causes  large  power  losses  and  the 
increasing  regulation  of  the  use  of  the  common  nonaqueous  solvents  has 
made  them  less  and  less  desirable. 

2 .  The  available  potential  range  in  aqueous  systems  is  limited  by  the  relatively 
low  potential  of  oxidation  of  water. 

3 .  Oxidations  at  inen  electrodes  do  not  appear  to  have  characteristic 
potentials  of  oxidation.  The  mechanism  for  most  oxidation  reactions 

of  organic  compounds  involves  the  electrochemical  oxidation  of  the  metal  to 
oxides  or  hydroxides  followed  by  chemical  oxidation  of  the  organic 
chemicals. 

4 .  The  cost  of  electricity  is  relatively  high. 

Surfactants  have  been  used  to  get  around  the  first  problem  by  solubilizing  organic 
comp>ounds  in  the  aqueous  systems  in  micelles  and  emulsions.  It  has  been  found,  in 
addition,  that  cationic  surfactants,  different  from  anionic  and  neutral  surfactants,  solve  the 
second  problem  by  forming  hydn^hobic  films  on  the  electrode,  which  increase  the 
potential  of  oxidation  of  water  by  up  to  1.7V  (2-7).  In  addition  the  change  of  the  electrode 
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surface  from  the  inen  metal  to  the  hydrophobic  film  also  helps  in  the  solution  of  problem  3 
in  that  it  increases  the  number  of  compounds  that  can  be  oxidized  at  characteristic  potentials 
(3,4).  This  combination  of  the  solubilization  of  the  orgaitic  compounds  and  the  increase  in 
the  available  useful  oxidation  potentials,  has  made  it  possible  to  perform  a  number  of 
electrosynthetic  reactions  that  proceed  only  slightly  in  the  r.  osence  of  the  surfactant 
Cationic  surfactants  have  been  shown  to  cause  marlced  increases  in  the  yields,  when 
compared  with  anionic  and  neutral  surfactants  (2,8-1 1).  This  increase  is  primarily  because 
the  hydrophobic  film  strongly  inhibits  the  oxidation  of  water.  However,  in  emulsion 
systems,  other  workers  have  concluded  that  the  cause  of  the  increase  was  the  fact  that  the 
cationic  surfactant  acts  as  a  phase  transfer  catalyst  (12-15).  Although  immobilizing  the 
cationic  surfactants  on  the  electrode  with  polystyrene  (4)  has  extended  the  potential  window 
for  practical  use  of  water  as  a  solvent  by  about  1.7V,  there  are  still  compounds  whose 
oxidation  potentials  occur  even  beyond  this  water  oxidation  potential .  Therefore,  recent 
work  has  focused  on  the  development  of  heterogenous  catalysts  that  will  allow  these 
extremely  difficult  oxidations  to  be  performed  in  the  aqueous  systems  (16-18). 

Experimental 

Two  types  of  cells  were  used  ,  a  regular  three  electrode  bulk  solution  cell  and  a  two 
electrode  sandwich  cell.  The  sandwich  cell  was  a  two  electrode  cell  which  consisted  of  a 
small  platinum  foil  anode  and  a  large  silver/silver  chloride  cathode  separated  by  a  piece  of  a 
filter  paper  (5,6).  The  sandwich  cell  allowed  one  to  study  the  effect  of  the  filming  action  of 
the  surfactant  without  having  the  results  affected  by  the  solubilization  characteristics.  The 
sample  was  ground  to  a  powder  and  seived  with  a  279  mesh  seive.  The  powder  was 
mixed  with  the  supporting  electrolyte  to  form  a  paste.  This  paste  was  placed  on  the  anode 
which  was  covered  with  a  layer  of  the  cationic  surfactant  and  the  supporting  electrolyte. 
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This  system  was  then  covered  with  moistened  filter  papwr,  which  was  then  covered  with  a 
large  Ag/Ag  Q  cathode. 

Voltammetric  curves  were  obtained  in  the  sandwich  cell  using  a  variety  of  different 
insoluble  oxides  to  determine  whether  the  added  oxide  formed  a  higher  oxide.  Once  an 
oxidation  peak  was  obtained  indicating  the  formation  of  a  higher  oxide,  controlled  potential 
coulometric  oxidation  studies  were  made  to  determine  the  valence  state  of  the  metal  in  the 
product  Where  possible,  X-ray  diffraction  measurements  are  made  to  identify  solid 
products. 

The  general  procedure  has  been  to  use  voltammetric  measurements  in  a  sandwich 
cell  to  determine  if  one  can,  within  the  potential  range  allowed  by  the  cationic  surfactants, 
oxidize  various  insoluble  inorganic  compounds  to  form  unusual  oxidation  states. 
Voltammetric  curves  were  then  obtained  in  systems  containing  the  inorganic  compounds  in 
the  presence  and  absence  of  organic  compounds  in  the  bulk  solution  cell.  An  increase  in 
height  often  occurred  upon  addition  of  the  organic  compound  indicating  oxidation  of  the 
organic  compound  by  the  higher  oxidation  state.  The  formation  of  the  unusual  oxidation 
state  as  an  insoluble  salt,  along  with  the  presence  of  the  protective  hydrophobic  surfactant, 
stabilized  the  unusual  state  against  reaction  with  water.  This  allowed  time  for  it  to  react 
with  the  OTganic  compound.  This  voltammetric  study  was  followed  by  electrolysis  in  the 
bulk  solution  cell  to  determine  whether  the  inorganic  compound  was  a  catalyst  for  the 
reaction  with  the  organic  compound. 

Experimental  Results 

The  results  of  voltammetric  studies  of  barium  peroxide  have  been  previously 
described  (16).  Figure  1  shows  the  current  voltage  curve  for  the  oxidation  of  copper  (I).  It 
can  be  seen  that  this  oxidation  goes  through  two  separate  reactions.  Controlled  potential 
coulometric  oxidation  studies  of  compounds  were  performed  in  the  potential  region  of  the 
observed  peaks,  and  Table  I  shows  the  results.  It  can  also  be  seen  in  Table  I  that  the 
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Table  I. 

Coulometric  Studies  of  the  Oxidation 
of  Several  Oxides 


compound 

Product 

Oxidation 

Potential 

(V) 

#  of  Faradays 
per  mole 

Avg.  Dev. 
from  means 

BaC)2 

Ba02+  (16) 

0.9 

0.92 

0.02 

Cu20 

CuO 

0.80 

1.80 

0.20 

CuO 

CuO+ 

1.70 

1.03 

0.03 

MnO 

MnO^ 

0.78 

1.2 

0.1 

MnO 

Mn02 

1.16 

2.1 

0.1 

oxidation  of  barium  peroxide  produced  an  active  intenr^ediate  which  was  concluded  to  be 
barium  superoxide  (BaOi'*’).  The  first  oxidation  wave  of  copper  (I)  oxide  was  attributed 
to  the  formation  of  copper  (H)  oxide  (CuO),  while  the  second  one  was  caused  by 
formation  of  copper  (III).  The  first  oxidation  wave  of  manganese  (H)  oxide  forms 
manganese  (m)  oxide  (MnO^)  while  the  second  oxidation  produced  manganese  dioxide. 
The  superoxide  and  copper  (m)  and  manganese  (III)  oxides  are  normally  unstable  in 
aqueous  systems  without  some  type  of  stabilization.  These  reactive  intermediates  will  react 
with  a  variety  of  organic  compounds.  Fig  2  shows  the  effect  of  2  chloroethyl  ethyl  sulfide 
on  the  oxidation  wave  for  formation  of  copper  (m)  oxide.  The  marked  increase  in  current 
in  the  potential  region  for  formation  of  the  higher  oxide  shows  the  ability  of  the  oxide  to 
react  with  the  compound. 

Most  of  the  wOTk  to  date  has  concentrated  on  the  barium  superoxide  (16-18).  The 
superoxide  is  known  to  be  a  strong  nucleophile  and  its  reactions  in  nonaqueous  solvents 
have  been  the  subject  of  a  number  of  studies.  Sawyer  and  his  coworkers  (19^0)  have 
shown  that  the  superoxide  ion,  prepared  by  electrolytic  reduction  of  oxygen  in  nonaqueous 
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solvents,  is  capable  of  destroying  halogenated  hydrocarbons.  With  this  background,  a 
series  of  reactions  was  performed  to  determine  if  halogenated  hydrocarbons  could  be 
destroyed  by  this  aqueous  system.  Voltammetric  curves  (16-18)  indicate  no  oxidation  of 
these  orgaiuc  compounds  in  the  absence  of  barium  peroxide.  However  in  the  presence  of 
barium  peroxide  one  observes,  superimposed  on  the  barium  peroxide  oxidation  wave,  a 
series  of  waves  iiKiicating  that  the  intermediate  is  being  electiolytically  oxidized.  Table  n 

Table  n 

The  Effect  of  Electro-Oxidizing  Barium  Peroxide  on  the  Oxidation  of  tixlO'^M 
Hexafluorobenzene  (HFB)  in  50  mis  0.1  M  NaQ;  2  mis  DTAC;  250C;  1  hrs;  6  cm 
2  Graphite  Anode;  0.5g  Ba02  Initial  pH,  5. 


Expei^ental  %HFB 

Conditions  I>estroyed 

1.  No  electrolysis,  0 

With  Barium  P^xide 

2.  Electrolysis,  0 

No  Barium  Peroxide 

3.  Controlled  Potential  70±5 

Electrolysis  (0.9V  vs  SCE) 

With  Barium  Peroxide 

4.  (Controlled  Current  74±4 


Electrolysis  (16.6m  mA/cm2), 
With  Barium  Peroxide 


shows  typical  results  obtained  in  electrodestruction  experiments  using  barium  peroxide  as 
an  electrochemical  catalyst  It  can  be  seen  that  in  the  blanks,  either  without  barium 
peroxide  or  without  electrolysis,  very  little  of  the  compound  was  lost,  but  in  the  presence 
of  both  electrolysis  and  the  barium  peroxide  there  was  an  appreciable  percentage  lost.  In 
fact  the  amount  lost  was  concluded  to  be  caused  primarily  by  losses  in  the  extraction 
procedure  rather  than  by  destruction  (16-18). 
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The  cuirent  efficiencies  far  all  of  the  oxidations  with  barium  peroxide  are  much 
higher  than  100%  indicating  that  appreciable  amounts  of  the  intermediate  are  being 
chenucally  oxidized  by  the  barium  peroxide.The  barium  peroxide  can  be  regenerated  by 
reduction  of  oxygen  at  the  cathode  in  the  presem:e  of  barium  ions.  However,  no  attempts 
have  been  made  to  adjust  the  pH  to  a  point  that  would  allow  recycling  of  the  barium 
peroxide.  Analysis  of  the  products  in  several  experiments  showed  the  presence  of  barium 
carbonate  and  soluble  halide.  Quantitative  analysis  of  products  obtained  with  several 
halogenated  hydrocarbons  gave  results  indicating  that  the  amount  of  halide  was  close  to  the 
expected  theoretical  amount  For  example,  in  the  destruction  of  1,2  dibromoethane  the 
analyzed  amount  of  bromide  obtained  was  1.91±  0.13  moles  of  bromide  per  mole  of 
compound.  It  can  be  seen  that  the  majority  of  the  halide  is  converted  to  the  soluble  form. 
However,  in  each  case  analyzed  a  small  amount  of  the  halide  was  not  recovered.  In 
practically  all  cases  no  product  was  observed  by  gas  chromatographic  means. 

The  Stability  of  Barium  Superoxide 

It  has  been  concluded  (16-18)  that  the  mechanism  of  action  of  the  barium  peroxide 
involved  the  electrolytic  formation  of  an  active  intermediate  which  was  hypothesized  to  be 
barium  superoxide.  This  intermediate  reacted  with  the  organic  compounds  to  produce  a 
compound  which  was  oxidizable  both  electrolytically  and  by  barium  peroxide.  The 
superoxide  ion  is  normally  unstable  in  aqueous  systems  and,  given  time,  it  will  decompose 
to  hydrogen  peroxide  (16).  However,  the  presence  of  barium  ions  (21,22)  and  cationic 
surfactants  (21-24)  are  known  to  stabilize  the  superoxide  ion.  A  cyclic  voltammetric  study 
was  made  to  obtain  some  idea  of  the  half  life  of  the  intermediate  in  this  system.  Fig  3 
shows  a  typical  set  of  cyclic  voltammograms.  It  can  be  seen  that  in  the  first  voltage  scan 
which  initially  went  in  the  cathodic  direction  the  curve  indicates  a  transport  limited 
reduction  of  the  barium  peroxide  on  both  the  fwward  and  reverse  scans.  As  one  moves 
into  the  anodic  potential  region  one  observes  a  wave  for  the  oxidation  of  hte  barium 
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peroxide  which  has  been  previously  interpreted  to  be  caused  by  the  formation  of  barium 
superoxide  (16).  On  scan  2  into  the  cathodic  region  one  observes  a  peak  in  the  reduction 
wave  indicating  that  the  oxidation  of  the  barium  peroxide  has  placed  on  the  electrode  a  film 
of  a  reducible  species.  Scan  3,  was  held  at  -Kl.OOBv  (approximately  zero  current)  for  1 
minute  before  the  voltage  was  scanned  into  the  cathodic  region.  The  fact  that  scans  2  and  3 
are  essentially  the  same  indicates  that  this  film  on  the  electrode  surface  is  reasoiably  stable. 
If  a  halogenated  hydrocarbon  is  placed  in  the  suspension  there  is  a  slow  decrease  in  the 
height  of  the  reduction  peak,  but  apparently  the  film  on  the  electrode  is  reactir.  ^  slowly.  If 
the  potential  is  held  in  a  region  where  reduction  occurs  or  in  the  region  of  oxygen  evolution 
one  observes  destruction  of  this  reduction  peak.  The  fact  that  the  organic  compound  reacts 
slowly  with  the  layer  on  the  electrode  indicates  that  the  destructive  reaction  probably  occurs 
in  the  more  mobile  layers  beyond  the  first  layer. 

Similar  results  can  be  obtained  with  hydrogen  peroxide  in  basic  solutions  (Rg.  4). 
However,  if  one  does  the  experiments  in  IM  sodium  chloride  without  any  added  base  one 
does  not  observe  the  formation  of  this  reduction  peak  with  hydrogen  peroxide.  This  is 
consistent  with  the  observation  that  in  aqueous  sodium  chloride  one  does  not  get 
destruction  of  the  halogenated  hydrocarbon  when  hydrogen  peroxide  is  substituted  for 
barium  peroxide. 

In  some  of  the  work  the  potential  was  pulsed  with  square  wave  pulses  between 
0.300,  a  potential  where  the  barium  peroxide  was  oxidized  and  0.000  V.,  a  potential  at 
which  oxidation  did  not  occur,  in  order  to  determine  whether  some  of  the  barium  carbonate 
formed  on  the  electrode  could  be  desorbed  from  the  electrode  so  that  the  current  would  not 
drop  off  as  rapidly  as  was  normally  observed.  In  no  case  was  any  significant  change 
observed  in  the  results.  It  is  apparent  from  these  cyclic  voltammetric  studies  that  pulsing 
between  these  two  potentials  would  have  no  effect  on  the  strongly  bonded  layer  at  the 
surface. 
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The  Effect  of  Orientation  of  the  Reacting  Organic  Compounds. 

It  has  been  shown  (30)  that  the  micelle  system  is  capable,  because  of  charge  or 
orientation,  of  selecting  one  reaction  over  another.  A  study  was  made  to  determine  which 
way  the  organic  compound  needed  to  be  oriented  in  the  micelle  in  order  to  obtain  the  most 
reaction.  In  Table  m  one  can  see  the  results  obtained  for  the  oxidation  of  bromobenzene. 

Table  EL 

The  Effect  of  dbmpound  Structure  on  the  Percent  Destruction  Obtained  by  Electrooxidation 
in  the  Presence  of  Barium  Peroxide.  Experimental  (Conditions:  Pt  woiidng  and  counter 
electrodes,  Ag/AgCl  reference  Electrode;  75  ml  1.07M  NaN03, 7.5  ml  t-butylammonium 
hydroxide  (TBAOH),  250  mg  Ba02*  Potential  pulsed  cyclically  between  0.300V  (2  min) 


and  O.OOOV  (45  sec). 

Compound 

Amt  (mg) 

Total  Tune  of 
Electrolysis  (hrs) 

%  Compound 
Unreact^ 

Bromobenzene 

110.0 

18 

0 

p-bromotoluene 

110.3 

17 

0 

p-bromoaniline 

134.6 

15.3 

100 

p-bromobenzoic  acid 

101.2 

16.3 

99 

o-bromobenzoic  acid 

no 

15 

93 

and  a  series  of  its  derivatives.  It  is  reasonable  to  believe  that  the  most  hydrophilic  end  in 
the  bromobenzene  and  p-bromotoluene  and  p-methoxybenzene  experiments,  and  therefore 
the  end  oriented  into  the  water,  was  the  one  containing  the  bromine.  On  the  other  hand  one 
would  expect  that  for  p-bromobenzoic  acid  and  p-bromoniline,  the  carboxyl  group  would 
be  the  most  hydrophilic  and  would  be  oriented  into  the  water,  and  as  a  result  the  bromine 
end  would  be  oriented  into  the  micelle  interior.  It  can  be  seen  that  the  compounds  in  which 
the  bromine  is  oriented  into  the  aqueous  solutions  reacted  completely  while  in  those  in 
which  the  bromine  is  in  the  hydrophobic  region  of  the  micelle  the  reaction  is  essentially 
zero.  (25,26).  These  results  show  clearly  that  reaction  with  the  polar  end  occurs  at  the 
aqueous  interface.  It  can  also  be  seen  in  Table  m  that  o-bromobenzoic  acid  is  not 
destroyed.  This  shows  that  this  selection  by  orientation  is  very  selective. 
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Reactions  Using  Copper  (m)  and  Manganese  (HI)  Oxides  as  Electiochemically  Generated 
Intermediates. 

Electrochemically  generated  soluble  complexes  of  manganese  (HI)  and  copper  (m) 
formed  as  a  film  on  copper  electrodes  (27-29)  have  been  used  as  reagents  in  perfoming 
organic  reactions.  Electrochemically  generated  insoluble  oxides  of  these  species  also  serve 
as  active  reagents.  This  can  be  seen  from  voltammetric  studies  (Fig  3)  or  synthesis  studies. 
Table  IV  shows  a  comparison  of  the  results  for  the  oxidation  of  2-chloioethyl  ethyl  sulfide. 
These  results  are  complicated  by  the  normal  hydrolysis  of  this  compound.  However,  it  can 
be  seen  that  under  these  conditions  copper  (m),  manganese  (HI)  and  manganese  (IV)  cause 
loss  of  this  compound.  It  can  also  be  seen  that  in  the  presence  of  copper  (IE)  oxide  the 
sulfoxide  if  formed  as  a  product  This  reaction  of  the  copper  (El)  oxide  to  produce  the 
sulfoxide  can  be  seen  more  clearly  in  the  oxidation  of  diethylsulfide  (Table  V).  In  this  case 
hydrolysis  is  not  problem. 


Table  IV.  Comparison  of  the  Effects  of  Electrolytically 
Produced  Copper  (IE)  Oxide,  Manganese  (IE)  Oxide 
and  Manganese  (TV)  Oxide  on  the  Anodic  C^dation  of 
2-ChloroeAyl  Ethyl  Sulfide  in  2  N  NaOH-DTAC  in  3  hrs. 


Oxidant 

Percent 

lost 

(sulfide) 

Ctopper  (IE)  oxide 
potl.l4V 

68  ±  7 

Manganese  (IE)  oxide 
pot0.78V 

60  ±  0 

Manganese  (TV)  oxide 
pot  1.16V 

84  ±  1.5 

No  oxidant 
(Hydrolysis) 

18  ±  7.5 

Percent 

Percent  * 

product 

destroyed 

(sulfoxide) 

(sulfide) 

19  ±  2 

49 

0 

60 

0 

84 

0 

18 

*  This  column  was  calculated  by  substracting  the  %  product  and  the  %  hydrolyzed 
from  the  %  lost. 
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Table  V.  The  Effect  of  Electrochemical  Oxidation  of 
Copper  (II)  Oxide  on  the  Anodic  Oxidation  of  Diethyl  Sulfide  in 
2N  NaOH-DTAC  in  the  Bulk  Solution  Cell  for  3  hrs. 


1  0 


Experimental 

Percent 

Percent 

Percent 

conditions 

extracted 

lost 

product 

(sulfide) 

(sulfide) 

(sulfoxide) 

Stirred  with 

CuO  (3  hrs,  no 
electrolysis) 

98  ±  2 

2  ±  2 

0 

Electrolysis 
(3  hrs,  no  CuO) 

98  ±  0.2 

2  ±  0.2 

0 

Electrolysis 
(with  CuO,  3  hrs) 

21  ±  0.2 

79  ±  0.2 

45  ±  0.2 

Reductive  Destruction  of  the  Organic  Compounds. 

There  are  two  obvious  objections  to  the  commercial  use  of  the  barium  peroxide  in 
electrooxidation  processes,  either  for  destruction  or  synthesis.  The  first  of  these  is  the  fact 
that  the  barium  peroxide  is  destroyed  and  must  be  replaced.  The  second  common  objection 
to  the  use  of  electrochemical  techniques  in  organic  chemistry  is  the  cost  of  electricity.  The 
first  attack  on  these  two  problems  was  to  determine  if  barium  peroxide  could  be  generated 
at  the  cathode.  This  should  be  possible  since  it  is  known  that  oxygen  can  be  reduced  to 
peroxide.  Electrolysis  was  done  in  IM  sodium  chloride  solution  saturated  with  oxygen 
containing  barium  chloride.  A  white  precipitate  was  formed,  and  chemical  tests  showed  it 
to  be  barium  peroxide.  The  yield  on  the  basis  on  the  amount  of  barium  added  was  15% 
after  4  hrs. 

It  is  also  known  that  in  nonaqueous  solvents  the  reduction  of  oxygen  produces  the 
superoxide  ion.  It  thus  should  be  possible  to  produce  the  superoxide  ion  in  the  surfactant 
system  by  reduction  of  oxygen  and  observe  a  corresponding  destruction  of  halogenated 
hydrocarbons.  Table  VI  shows  the  results  of  these  experiments.  It  can  be  seen  that  the 
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Table  VI.  The  Effect  of  Reducing  Oxygen  in  the  Presence  of 
Barium  Ions  on  the  Destruction  of  1, 3, 5-TrichIorobenzene  for 
1  hr.,  Controlled  Current  Density.  16.6  mA/cm^.  Graphite  Anode 
and  Platinum  Cathode. 


Experimental 

Percent 

Percent 

conditions 

extracted 

lost 

No  electro.,  with 
barium  chloride, 
and  oxygen. 

97  ±  3 

3  +  3 

(Strolled  current 
electro.,  with  oxygen, 
no  barium  chloride 

86  ±  0 

14  ±  0 

(Controlled  current 
electro.,  with  barium 
chlordie  and  oxygen 

81  ±  1 

19  ±  1 

(Controlled  current 
electro.,  with  barium 
chloride,  no  oxygen. 

96  ±  5 

4  ±  5 

reduction  of  oxygen  produces  destruction  of  TCB  in  the  neighborhood  of  the  cathode.  It 
can  also  be  seen  that  there  is  an  increase  in  the  percent  of  destruction  in  the  presence  of 
barium  ions.  This  is  logical  since  the  barium  ion  stabilizes  the  superoxide  ion  against 
reaction  with  water  (21-22).  Under  similar  conditions  with  barium  peroxide  in  the  system 
63%  of  the  TCTB  was  destroyed  (18).  Although  one  gets  much  more  rapid  destruction  in 
the  presence  of  the  barium  peroxide  it  can  be  seen  that  even  its  absence  the  reduction  of 
oxygen  causes  some  destruction  of  the  TCB. 


Fuel  Cells  for  the  Destruction  of  Organic  Compounds. 

Any  large  volume  electrochemical  process  starts  with  one  major  strike  against  it,  the 
cost  of  electricity.  Whether  one  is  concerned  with  electrodestruction  or  electrosynthesis  it 
is  best  to  develop  methods  that  use  less  electricity.  Since  many  of  these  reactions  have 
negative  free  energies  (AG)  it  would  be  best  to  design  a  fuel  cell  that  could,  while  doing  the 
destructitm  or  synthesis,  generate  electricity  rather  than  utilize  it 
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Table  Vn  shows  typical  results  obtained  with  chloroform  and  1,3.5  trichlorobenzene 
(TCB)  using  graphite  and  platinum  electrodes  and  the  same  bulk  electrolysis  cells 
previously  used.  However  in  these  experiments  the  electrodes  were  connected  directly  to  a 
meter  or  through  a  resistive  load  to  the  meter  rather  than  being  connected  to  a  potendostat  or 
galvanostat. 

It  can  be  seen  that  it  is  not  necessary  to  apply  electricity.  Instead  one  can  use  this  fuel 
cell  to  generate  electricity  while,  at  the  same  time,  destroying  the  halogenated  hydrocarbon. 
In  the  absence  of  the  connected  electrodes  one  obtained  a  negligible  amount  of  destruction. 


Table  Vn.  The  Destruction  of  1, 3, 5-Trichlorobenzene  and  Chlorofonn  in  a  Battery. 
Experimental  Conditions:  TCB- 1.2  x  lO"^  moles.  Chloroform  CHCI3  (Amounts  given 
in  table),  50  mL  IN  NaCl,  Ba02-lg,  DTAC  (2mL  of  a  50%  solution).  Electrode  system 
A-  Graphite  anode,  Pt  cathode.  Areas  unknown.  Electrode  system,  B-  Graphite  anode 
(12cm2),  Pt  cathode  (1.3cm2);  Electrode  system  C-  Graphite  anode  (10.3cm2),  Pt  cathode 
(5.2cm2). 


Experimental 

Tune 

(Current 

Exterior  Load 

% 

(Conditions 

(min) 

mA 

(ohms) 

Destruction 

CHCl3-48^iL 

00 

0.50 

0 

25 

O2  saturate 

06 

0.87 

Undivided  cell 

25 

1.03 

Electrode  A 

60 

0.97 

CHCl-06^iL 

00 

0.95 

O2  said. 

05 

1.06 

0 

43 

Undivided  cell 
Electrode  A 

80 

2.5 

CHCl3l44^iL 

O2  satd. 

00 

4.2 

Undivided  cell 
Electrode  A 

30 

3.0 

0 

89 

CHCl396^iL 

00 

2.17 

9 

55 

O2  satd. 

10 

2.38 

Undivided  cell 

30 

1.84 

Electrode  B 

65 

1.63 

145 

0.65 

TCB- 

0 

5.5 

In  air 

5 

2.3 

Undivided  cell 

15 

2.8 

0 

56 

Electrode  -  C 

30 

1.6 

45 

1.3 

60 

1.1 

Conclusion 
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Studies  have  shown  that  in  aqueous  cationic  suspensicms  several  insoluble  oxides 
can  be  electrolytically  oxidized  to  produce  species  that  nonnally  are  unstable  in  water 
systems.  The  reactions  studied  were  the  oxidation  of  barium  peroxide  tc  die  superoxide, 
copper  (n)  oxide  to  copper  (m)  oxide,  and  manganese  (11)  oxide  to  manganese  (m)  oxide. 
These  active  intermediates  apparently  are  stabilized  by  the  presence  of  the  precipitating  ion 
and  the  surfactant  against  reaction  with  water.  The  products  last  long  enough  to  react  with 
several  organic  compounds.  Primarily  these  reactions  result  in  destruction  of  the  organic 
compound. 

It  was  shown  in  the  barium  peroxide  studies  that  the  layer  of  intermediate  adjacent 
to  the  electrode  was  quite  stable  and  did  not  react  either  with  the  organic  compounds  or 
water.  It  was  concluded  that  the  reaction  with  the  organic  compounds  occurred  in  the  outer 
layers  of  the  surfactant  film  as  the  superoxide  was  dispersed  by  the  surfactant  into  solution. 
It  was  also  demonstrated  that  one  could  make  a  fuel  cell  based  on  the  oxidation  of 
halogenated  hydrocarbons  by  oxygen  using  barium  peroxide  as  a  catalyst. 
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Voltammetric  curves  for  the  oxidation  of  Cu20  in  the  sandwich  cell  cm 
platinum  woildng  electrode;  A.  2N  NaOH-Hyamine  2389  after  several 
scans;  B.  A  2.0  mg  CU2O.  Scan  rate,  2  mV/sec. 


Voltammetric  curves  for  the  oxidation  of  2-chloroethyl  ethylsulfide  in  2N 
NaOH-DTAC  in  the  beaker  cell  on  a  Ft  working  electrode;  A.  Residual  for 
2N  NaOH-DTAC  oxidation;  B.  A  +  CuO;  C.  B  +  2-chlorethyl 
ethylsulfide;  D.  A  +  2-chloroethyl  ethyl  sulfide  (1.75  x  lO-^M).  Scan  rate, 
2  mV/sec. 


Cyclic  voltammetric  curve  for  a  barium  peroxide  suspension. 

Experimental  conditions:  Platinum  working  and  counter  electrodes  calomel 
ref.  electrode,  IM  scxlium  chloride,  0.01  IM  barium  peroxide,  0.07M 
DTAC,  sweep  rate-50mV/sec.  TTie  number  indicates  the  sweep  number. 


Cyclic  voltammetric  curve  for  hydrogen  peroxide  in  basic  solutions 
containing  DTAC.  Experiment^  Conditions:  Platinum  working  and 

counter  electrodes,  calomel  ref.  electrode,  0.07M  DTAC,  6.2  x 
H2O2  soln,  IM  NaCl,  0.14M  NaOH,  sweep  rate  50  mV-sec. 
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F.I^CTROCHEMISTRY  OF  INTRINSICALLY  CONDUCTING  POLYMER  COLLOIDS 


M.  Aldlssi,  Champlain  Cable  Corp..  12  hercules  Dr.,  Colchester,  VT  05446 


INTRODUCTION 


The  development  of  intrinsically  conducting  polymers  in  the  form  of 
copolymers  and  composites  stemmed  from  applications  driven  needs  for 
processable  materials.  Because  of  the  rigid  character  of  the  conjugated 
backbone  of  these  pol3nners,  aggregation  is  predominant  and  true  solu¬ 
tions  are  difficult  to  obtain.  Once  the  polymer  is  doped  to  render  it 
conducting,  further  aggregation  takes  place  and  Insolubility  results. 
Therefore,  the  synthesis  of  conducting  polymers  as  copolymers  or  compo¬ 
sites  in  the  colloidal  form  is  an  attractive  approach  that  would  take 
advantage  of  the  aggregated  character.  Thus,  colloidal  particles  of 
conducting  polymers  in  the  form  of  dispersions  in  aqueous  or  organic 
media  has  become  a  viable  route  to  producing  processable  conducting 
polymers . 

Electrochemistry  has  played  a  siajor  role  in  the  synthesis  and  characte¬ 
rization  of  conducting  polymers  in  general.  Also,  the  application  of 
electrochemistry  to  such  materials  lead  to  their  use  as  electrode 
materials  primarily  in  batteries.  However,  the  use  of  electrochemistry 
for  the  synthesis  and  characterization  of  the  colloidal  forms  of  con¬ 
ducting  polymers  is  in  its  infancy. 
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The  object  of  this  paper  is  to  stun  up  the  few  efforts  by  various  re¬ 
search  groups  and  describe  some  electrochemical  aspects  of  several  con¬ 
ducting  polymer  colloids.  The  text  Is  divided  Into  two  sections  for 
reasons  of  clarity:  electrochemistry  of  chemically  synthesized  colloids, 
and  electrochemical  synthesis  of  colloids. 

I.  ELECTROCHEMISTRY  OF  CHEMICALLY  SYNTHESIZED  COLLOIDS 

1.  Polvacetvlene-Polvlsoprene  Block  Copolvmers 

a)  Background 

Soluble  block  copolymers  of  acetylene  and  Isoprene  were  produced  (1) 
using  anionic  polymerization  coupled  vlth  Zlegler-Matta  catalyst. 
Copolymers  of  various  comonomer  ratios  were  obtained  In  toluene.  Solu- 
blllty/dlspersablllty  depends  on  these  ratios,  thus,  a  vide  range  of  ma¬ 
terials  could  be  synthesized,  and  therefore  "true"  solutions  as  veil  as 
completely  Insoluble  materials  vere  obtained.  Doping  of  the  polymers 
vlth,  for  example.  Iodine  resulted  In  an  electrically  active  component 
(polyacetylene)  and  an  Inactive  component  (polylsoprene) .  The  overall 
electrical  properties  resembled  those  of  composites  vlth  a  strong  depen¬ 
dence  of  the  electrical  conductivity  on  the  volvime  fraction  of  poly¬ 
acetylene  (2)  vlth  a  percolation  threshold  at  approximately  16  volX. 
The  colloidal  character  of  the  soluble/dlspersable  samples  vas  evidenced 
by  small  angle  neutron  scattering  studies  (3).  Samples  vhose  polyacety¬ 
lene  volume  fraction  vas  lOX  vere  studied  as  a  "solution"  In  toluene. 
Based  on  a  fractal  model  developed  for  similar  materials  (4),  the  aggre- 
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gates  were  spherical  with  an  average  particle  diameter  of  120  A.  Fur¬ 
ther  aggregation  of  these  particles  by  i.e.,  partial  solvent  removal  re¬ 
sults  in  dispersions  vith  a  fractal  dimensionality  of  2.6.  When  poly¬ 
acetylene  volxime  fraction  is  increased  to  20X,  the  particles  become  el¬ 
liptical  vith  an  average  diameter  of  500  A  that  vould  aggregate  further 
as  spherical  particles  vith  a  fractal  dimensionality  of  2.4.  The  sta¬ 
bility  of  the  dispersions  can  be  maintained  by  shaking  vhen  kept  in  an 
inert  atmosphere.  Above  20  volX.  the  copolymers  are  not  dispersable  and 
the  larger  aggregates  dimensionality  is  decreased  to  1.5  resulting  in 
rods  that  are  i.e.,  1500  A  at  30  volX. 

b)  Electrochemical  Studies  (5> 

Based  on  our  knovledge  of  the  possible  use  of  polyacetylene  as  electrode 
material,  films  of  the  lOX  solution  and  20X  dispersion  vere  characte¬ 
rized  in  terms  of  electrochemical  activity  (film  conductivity  vas  in  the 
range  of  1-10  (0  cm)'^).  This  study  vas  done  on  films  deposited  on 
platinum  electrodes  in  aqueous  and  organic  media.  In  the  latter  case,  a 
slight  ox Ida t ion/doping  vas  necessary  to  cause  enough  aggregation  to 
prevent  redispersion. 

Similarly  to  the  homopolymer  polyacetylene  (6,7),  films  of  these  disper¬ 
sions  vere  used  as  electrodes  in  a  cell  vhich  contained  a  lithium 
coxmter  electrode  and  LiClO^  in  THF  or  propylene  carbonate.  The  choice 
of  the  solvent  depended  on  vhether  the  copolymer  vas  being  reduced  (THF) 
or  oxidized  (propylene  carbonate) .  Reduction  took  place  in  the  poten- 
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tlal  range  of  2. 5-0.8  V  versus  lithium,  and  oxidation  took  place  between 
2.5  and  3.5  V  (Pig.  1). 

Doping  of  polyacetylene  segments  took  place  in  few  minutes  with  good 
coulombic  recovery,  thus,  faster  kinetics  were  obtained  as  compared  to 
those  of  the  homopolymer.  This  was  attributed  to  greater  swelling  of 
the  copolymer  with  the  electrolyte  which  probably  provided  improved  wet¬ 
ting  and  an  enlarged  effective  surface  area. 

The  potential  ranges  are  narrower  than  for  polyacetylene  (0. 5-4.0  V)  due 
to  more  extensive  self -discharge  processes.  These  processes  were  found 
to  be  due  in  part  to  splitting  of  short-chain  polyenes  (5-10  double 
bonds  as  was  shown  by  uv- vis -near  ir)  which  became  soluble  when  ionized 
causing  a  yellow  or  blue  color  in  the  electrolyte  solution. 

2 .  Polvaniline  Colloids:  Graft  Copolvmers 

a)  Background 

The  preparation  of  colloidal  forms  of  conducting  polymers  using  disper¬ 
sion  polymerization  was  applied  successfully  to  polypyrrole  and 
polyaniline.  Folypyrrole  colloids  were  obtained  by  dispersion  polyme¬ 
rization  in  the  presence  of  steric  stabilizers  which  simultaneousely 
physically  adsorbed,  via  hydrogen  bonding,  onto  polypyrrole 
chains/particles.  The  resulting  spherical  particles  had  a  diameter  in 
the  range  50-450  nm  depending  mostly  on  the  nature  of  the  steric  stabi- 
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llzer  (8-12)  with  10-15  vtX  of  the  latter  forming  a  homogeneous  outer 
layer  around  polypyrrole. 

Unlike  polypyrrole,  stable  dispersions  of  polyanlllne  colloids  could  be 
obtained  by  chemical  grafting  of  polyanlllne  onto  the  sterlc  stabilizer 
chains.  For  this  purpose,  p-amlnostyrene  (equivalent  to  the  aniline  re¬ 
peat  unit)  was  grafted  onto  poly(vlnyl  pyridine)  or  PVP  and  Poly(vinyl 
alcohol-co-vlnyl  acetate)  or  PVA  which  were  used  In  the  dispersion  poly¬ 
merization  as  sterlc  stabilizers.  Potassium  iodate  was  added  to  the 
aqueous  solution  as  the  oxidant  for  aniline  to  be  polymerized  on  the 
graft  sites  resulting  In  colloidal  dispersions  as  the  graft  copolyme¬ 
rization  proceeds  (13-15).  The  colloidal  particles  had  a  needle-llke 
shape  with  a  length  In  the  range  of  100-200  nm  and  a  width  In  the  range 
of  10-50  nm.  Film  conductivity  was  In  the  range  of  0. 5-2.0  (0  cm)*^. 

b)  Electrochemistry:  Cyclic  Voltammetry  (14.15) 

Cyclic  voltammetry  was  performed  on  films  deposited  on  a  platinum  disc 
electrode.  Thick  films  were  obtained  by  placing  a  drop  of  the  disper¬ 
sion  on  the  electrode  surface  and  allowing  the  solvent  to  evaporate. 
Thin  films  were  prepared  by  spin  coating  onto  the  electrode.  In  the 
case  of  F4VP-based  dispersions,  PVA  was  added  as  appropriate  for  better 
film-forming  properties.  The  cyclic  voltammograms  were  recorded  In  UCl 
solutions  for  scan  rates  limited  to  the  range  10-100  mV/s  to  avoid  over- 
oxidation  of  the  polymer,  and  the  reference  electrode  was  a  dynamic  hy¬ 
drogen  electrode. 
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The  data  Is  similar  to  that  obtained  for  anodically  grown  bulk  polyani¬ 
line  films  with  no  indication  of  significant  effects  of  the  steric  sta¬ 
bilizer  layer.  The  variation  in  reversibility  with  scan  rate  as  seen 
for  example  in  the  case  of  PVA-based  colloids  (Fig.  2),  indicate  that  a 
limited  rate  of  electrochemical  charging  took  place,  probably  due  to  (i) 
the  limited  concentration  and/or  conductivity  of  the  electrolyte,  and 
(ii)  the  high  thickness  of  the  film  (>1  tali').  Another  factor  in  the 
electrochemical  response  could  be  the  limited  concentration  of  chloride 
ions  as  could  be  seen  from  electrolyte  concentration  effects  on  the 
apparent  reversibility  of  charging  shown  in  Fig.  3. 

Both  colloids  behave  similarly  to  the  bulk  polymer.  This  includes  (i) 
quasi  reversibility  of  the  first  voltammetric  peak  and  the  large  capaci¬ 
tive  current  observed  in  the  voltammograms  recorded  with  limited  end  po¬ 
tentials,  and  (ii)  the  loss  of  charge  capacity  in  the  first  peak  region 
and  the  apparent  lowered  conductivity  when  cycling  with  higher  anodic 
end  potentials  (Fig.  4). 


II.  ELECTROCHEMICAL  SYNTHESIS  OF  CONDUCTING  POLYMER  COLLOIDS 

1.  Polymerization  of  Pyrrole  in  the  Presence  of  Latex  Particles  (16) 

This  technique  consisted  of  the  use  of  latex  particles  in  the  dispersion 
form  as  dopants  for  polypyrrole  as  the  pol3nnerization  proceeds.  The 
latex  particles  must  therefore  have  anionic  groups  such  as  sulfonates  or 
sulfates  to  oxidize  pyrrole  and  act  as  the  pol3nneric  counter  anion. 
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Commercial  latlces  such  as  acrylates,  methacrylates,  vlnylldene  chlo¬ 
rides  and  ethylene/vinyl  acetate  copolymers,  were  modified  to  incorpo¬ 
rate  the  anionic  species.  Pyrrole  monomer  was  polymerized  in  the  pre¬ 
sence  of  these  active  latex  particles  at  1  V  versus  an  Ag/AgN03  refe¬ 
rence  electrode  in  acetonitrile.  The  "composite"  is  obtained  as  a  con¬ 
ductive  film  on  the  platinum  anode  with  a  polypyrrole  content  in  the 

-3  -1 

range  of  2-30  vtX  having  a  conductivity  in  the  range  of  10  -5  (H  cm)  . 
The  level  of  conductivity  depends  on  various  parameters  including  the 
nature  of  the  latex  particles  and  its  relative  content  in  the  final  com¬ 
pos  it  ion . 

The  conducting  particles  consisted  of  latex  cores  with  polypyrrole  as 
the  outer  layer.  These  materials,  as  for  all  colloidal  forms  of  con¬ 
ducting  polymers,  vere  synthesized  for  processing  purposes.  The 
material  can  be  ground  into  small  particles  and  highly  swollen  with 
shear  to  give  dispersions  that  can  yield  films  which  retain  their  elec¬ 
trical  conductivity. 

2.  Electrosvnthesis  of  PolYPvrrole  on  Metal  Oxide  Suspensions  (17) 

Suspensions  of  negatively  charged  metal  oxides  in  water  were  prepared  by 
adding  NaOU  amotints  such  that  the  pH  of  suspensions  is  greater  than  the 
isoelectric  point  of  oxides.  Pc lypyrrole- coated  oxide  particles  could 
be  deposited  on  a  gold  electrode  in  the  form  of  films  in  non  stirred 
suspensions.  This  technique  was  evaluated  for  various  oxides. 
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Successful  oxide  Incorporation  was  achieved  In  suspensions  whose  pH  was 
less  than  11  In  the  case  of  VO3  and  SIO2  In  the  form  of  thick  films. 
Thin  films  only  could  be  obtained  In  the  case  of  Ta205,  Sn02  and  TIO2. 
No  Incorporation  took  place  In  the  case  of  Ce02,  Hn02  and  ZnO. 

It  was  observed  In  general  that  suspensions  with  smaller  Isoelectric 
points  resulted  with  thicker  films.  Conductivity  of  these  films  depends 
strongly  on  the  Isoelectric  point  of  the  oxide  similarly  to  the  strong 
dependence  of  conductivity  of  pol3rpyrrole  on  the  dissociation  constant 
of  the  electrolyte  anions  In  the  case  of  regular  polypyrrole.  Oxides 
having  large  Isoelectric  points  possess  high  affinities  to  positively 
charged  protons,  therefore,  when  Incorporated,  they  Interact  strongly 
with  the  positive  charges  of  polypyrrole  chains  resulting  In  resistive 
films  which  In  turn  Inhibit  further  growth. 

Although  this  Is  the  first  attempt  at  Incorporating  metal  oxides  In 
polypyrrole  electrochemlcally ,  It  Is  worth  noting  that  hematite  (a- 
Fe203)  and  cerlxim  oxide  (Ce02)  were  coated  chemically  with  polypyrrole 
In  ethanol/water  suspensions  of  the  oxides  (16).  In  all  cases  the  Iso¬ 
electric  point  was  approximately  A. 


CONCLUSION 


Electrochemistry  has  played  an  Important  role  In  the  synthesis  and  cha¬ 
racterization  of  Intrinsically  conducting  polymers  since  the  early  days 
of  their  development.  In  most  cases,  the  techniques  are  applied  In  the 
solid  state  where  the  polymer  Is  obtained  and/or  further  characterized 
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as  a  film  or  a  compressed  pellet.  Including  processable  forms  of  these 
polymers.  Because  most  of  the  processable  forms  are  composites  or 
copolymers  often  made  of  hydrophobic  and  hydrophilic  components,  there 
is  a  tendency  for  these  compositions  to  aggregate  in  colloidal  forms 
whose  size  and  shape  vary  with  the  nature  of  both  components  and  their 
ratio.  Electrochemistry  of  these  colloids  or  dispersions  has  proven 
chat  although  the  electrically  inactive  component  is  used  as  a  proces¬ 
sing  aid,  the  materials  behave  similarly  to  their  bulk  counterparts. 
However,  more  detailed  impedance  measurements  are  required  to  determine 
whether  any  intrinsic  charging  barriers  are  caused  by  the  presence  of 
insulating  layers.  Electrosynthesis  of  colloidal  dispersions  of  con¬ 
ducting  polymers  is  still  in  its  early  development,  but  its  feasibility 
has  been  proven,  although  not  in  a  straight  forward  manner.  Future  work 
has  to  focus  on  the  use  of  steric  stabilizers  that  would  act  as  the 
polymeric  dopant/electrolyte.  Upon  formation  of  the  colloidal  parti¬ 
cles,  redispersion  would  take  place  instantaneously  when  the  appropriate 
solvent  is  used.  Advantages  of  such  a  process  include  (i)  a  good  con¬ 
trol  of  the  polymerization  process  and  therefore  the  particle  size  by 
control  of  the  current  density  of  the  anode  where  the  colloid  is  being 
formed,  and  (ii)  a  better  homogeneity  of  the  particles.  Conditions  for 
the  above  two  parameters  are  often  dictated  by  the  oxidative  strength  of 
the  oxidant/dopant  in  chemical  synthesis  techniques. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Vqc  versus  Li/Li*  as  a  function  of  the  percentage  of  oxida¬ 
tion  or  reduction  in  polyacetylene  block  copolymers/lithium 
cells . 

Cyclic  voltammograms  of  a  colloidal  FVA/polyanlline  film 

recorded  in  2M  UCl  solutions  at  scan  rates  of  10  mV/s  (solid 

curve)  and  100  mV/s  (dashed  curve).  The  current  bar  cor- 

2 

responds  to  4  and  40  mA/cm  respectively. 

Cyclic  voltammograms  of  colloidal  PVA/polyaniline  films 
recorded  in  0.2M  HCl  (dashed  curve)  and  in  2M  HCl  (solid 
curve)  at  a  scan  rate  of  10  mV/s.  The  current  bar  cor- 
responds  to  4  mA/cm  for  both  curves. 

Cyclic  voltammograms  of  a  colloidal  PVA/polyaniline  film 
recorded  in  2M  UCl  solutions  in  a  restricted  potential  do¬ 
main  (solid  curve),  in  an  extended  potential  domain  (dashed 
curve)  and  returning  to  the  restricted  domain  (dotted 

curve).  Scan  rate  is  10  mV/s  and  the  current  bar  cor- 
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responds  to  4  mA/cm  . 
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Abstract 


Polymer  particles  of  monodisperse  size  have  been  exploited  as  model  colloids. 

Aqueous  suspensions  of  charged  polymer  colloids  with  small  electrolyte  concentrations  order 
spontaneously  into  liquid  crystalline  phases;  the  most  noticeable  features  of  a  liquid  crystal  is  a 
striking  iridescence.  We  apply  pulse  voltammetry  at  microelectrodes  to  the  ion-specific  (H"*") 
measurement  of  properties  affecting  ion  transport  in  ordered  polymer  colloids.  Transport- 
limited  reduction  of  proton  at  platinum  microelectrode  (disk  radius  12.5  |im)  in  extremely  dilute 
aqueous  electrolyte  is  measured  using  square-wave  voltamnretry.  CJurrents  measured  foi 
reduction  of  proton  in  latex  suspension  are  normalized  to  currents  predicted  in  the  absence  of 
colloid,  using  a  model  for  similar  reductions  in  homogeneous  solution,  to  account  for  variation 
in  transport-limited  currents  of  proton  with  changes  in  concentration  of  inert  electrolyte.  We 
have  observed  the  transport  of  proton  to  increase  substantially  upon  disordering  of  polymer 
colloid  suspensions  with  electrolyte.  Diffusion-limited  current  for  oxidation  of  a  neutral 
molecule  (TEMPOL)  is  largely  unaffected  by  a  transition  in  the  phase  of  colloid.  Observations 
of  transport  of  proton  in  latex  suspension  have  not  quantitatively  related  to  factors  effecting  the 
order-disorder  transition,  flowever,  normalized  values  of  the  current  for  reduction  of  proton  in 
suspensions  of  charged  polymer  colloids  exhibit  sensitivity  to  the  presence  of  the  particles  in  a 
manner  which  is  not  predicted  by  simple  excluded  volume  or  ionic  strength  considerations. 


Introduction 


Colloidal  systems,  consisting  of  suspensions  of  particles  with  radial  dimensions  on  the 
order  of  lO'^-lO'^  cm,  are  of  interest  in  both  naturally  occurring  media  (soils  and  biological 
systems)  and  in  industrial  systems  (1,2).  Monodisperse  latex  consists  of  spherical  particles, 
formed  in  emulsion  polymerization  of  monomers  such  as  styrene  (3),  having  regular  shape, 
submicron  diameters  and  narrow  size  dispersion.  Accordingly  they  have  been  exploited  as  model 
colloids.  When  suspended  in  a  polar  medium  such  as  water,  the  surface  charge  on  each  sphere 
stabilizes  the  particle  suspension  through  repulsive  forces  between  particles;  the  properties  of  the 
suspension  may  be  manipulated  by  effecting  variations  in  the  repulsive  forces  by  changing  the 
chemical  composition  of  the  suspending  solution. 

Under  appropriate  conditions  of  volume  fraction,  <p,  and  total  electrolyte  concentration  in 
aqueous  suspensions,  the  strong  electrostatic  interactions  of  these  charged  colloidal  particles  lead  to 
ordering  of  particles  in  the  suspending  medium  into  a  crystalline  phase;  these  phases  exhibit 
increased  viscosity  and  diffraction  of  light  in  the  visible  range,  thus  displaying  marked 
iridescence.  A  change  in  the  colloid  to  a  disordered,  more  fluid  state  is  induced  by  increasing  the 
electrolyte  concentration.  The  resulting  suspension  has  lower  viscosity  and  is  not  iridescent.  Such 
a  phase  transition  is  related  to  the  solid-liquid  melting  transition  in  molecular  materials. 
Identification  of  the  order-disorder  transition  is  not  easily  accomplished  except  by  observation  of 
iridescence. 

Visible  aspects  of  order-disorder  transitions  and  crystal  structure  in  ordered  model  colloidal 
suspensions  have  been  characterized  using  visible  appearance  (4, 5),  absorbance  and  reflectance 
spectrometry  (6, 7)  and  small  angle  neutron  scattering  (8)  as  functions  of  particle  volume  fraction 
and  electrolyte  concentrations.  Phase  transitions  in  nxxlel  charged  colloids  have  been  predicted 
using  primarily  models  of  effective  hard  sphere  diameter  and  screened  coulombic  interactions  (9, 
10).  Experimental  phase  diagrams  have  been  constructed  (1,11)  and  compared  with  various 
predictive  models.  The  important  parameters  in  the  predictions  are  the  surface  charge  and 
potential,  and  electrolyte  and  particle  concentrations.  C^onducdvity  and  electrophoretic  transpon 
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(1 1,12)  and  titration  of  total  surface  charge  (12-14)  in  suspensions  are  used  to  determine  particle 
surface  charge  and  potential. 

Only  conductivity  probes  directly  the  ion  activity  and  transport  within  a  concentrated  state 
of  a  suspension.  Conductivity  provides  an  average  measure  of  ionic  strength  and  mobility,  but 
provides  no  information  which  is  ion-specific.  Electrophoretic  mobilities  of  colloidal  particles  are 
measured  at  extreme  dilutions  (<p  ~  10'^),  not  in  the  more  concentrated  suspensions  of  interest. 
Potentiometry  is  ion-specific.  However  potentiometric  measurements  in  colloids  are  confounded 
by  interaction  of  the  potential-sensitive  measuring  surface  with  particle  double  layers  in 
concentrated  suspensions  (15).  In  addition,  potentiometry  is  not  sensitive  to  mobility  of  ions. 
Total  surface  charge  does  not  distinguish  the  degree  of  dissociation  of  surface  groups  under 
various  conditions,  nor  does  it  indicate  ion  mobility.  In  short,  the  visible  appearance  of  iridescence 
in  the  region  of  the  order-disorder  transition  is  the  main  experimental  evidence  used  to  test  the 
predictions  of  models.  Factors  affecting  particle  interaction  potentials  in  suspension  will  also  affect 
specific  ion  mobility,  thus  direct  measurement  using  techniques  sensitive  to  specific  ion  mobility  or 
activity  will  be  sensitive  to  exactly  that  coulombic  screening  of  surface  charge  which  determines  the 
particle  interaction  potential. 

To  our  knowledge,  no  volummetric  techniques  have  been  applied  to  the  measurement  of 
transport  and  activity  c.'  ions  or  neutral  molecules  in  monodisperse  polymer  colloids. 

Measurement  of  current  for  faradaic  reactions  in  solutions  of  low  conductance  is  made  feasible  by 
the  use  of  a  platinum  disk  microelectrode  (radius  12.5  pm).  Limited  conversion  of  material  at 
microelectrodes  on  short  time  scales  (for  square  wave  voltammetry  at  1  Hz,  the  amount  of  material 
cc.^verted  is  <10  pmol)  ensures  that  the  technique  probes,  but  docs  not  change,  the  equilibrium 
phase  of  the  suspension. 

We  have  measured  transport- limited  pulse  voltammctric  currents  for  reduction  of  proton  in 
monodisjxrse  susp)ensions  of  negatively  charged  polystyrene  microspherical  particles  in  which 
proton  is  the  only  cation.  Addition  of  inert  electrolyte  effects  the  transition  from  the  ordered  to  the 
disordered  state.  Proton  reduction  in  latex  suspensions  has  been  identified  and  calibrated  by 
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comparing  it  with  the  reduction  of  proton  in  dilute  aqueous  solutions  of  hydrochloric  acid  at 
comparable  proton  concentrations  (<  2  mM).  For  comparison,  the  diffusion-limited  current  for 
oxidation  of  a  neutral  molecule  (TEMPOL)  has  been  measured  Linewidths  for  TEMPOL,  a  stable 
nitroxyl  radical,  have  been  measured  within  the  same  latex  suspensions  by  electron  paramagnetic 
resonance  spectroscopy.  The  preliminary  results  of  an  investigation  of  transport  of  proton  in  the 
order-disorder  transition  region  of  suspensions  of  0.106  pm  polystyrene  latex  are  presented. 

Experimental  Method 

Monodisperse  polystyrene  microparticles  (Duke  Scientific  (Torp.,  Palo  Alto,  CA)  of 
diameter  0.106  pm,  equilibrated  for  48  hours  over  a  mixed  bed  ion-exchange  resin  (Bio-Rad, 
Richmond,  CA)  were  used  for  all  measurements.  All  volume  fractions  used  were  prepared  by 
dilution  from  volume  fraction  0.101  stock  (determined  gravimetrically  with  drying  at  70  OQ 
density  of  polystyrene  1 .05  g  cm"^).  Deionized  latexes  were  visibly  iridescent  at  all  volume 
fractions  from  0.025  to  0.101.  Viscosity  was  measured  in  suspensions  with  various  added 
concentrations  of  potassium  chloride,  in  an  Ostwald-type  viscometer  at  25  ^C.  Total  surface 
charge  was  determined  by  titration  of  proton  in  ion-exchanged  suspension  to  conductimetric 
endpoint  with  NaOH  (10, 11);  surface  charge  density  measured  for  the  0.106  pm  latex  is  1.66  pC 
cm'2.  All  voltammetry  was  performed  using  platinum  wire  counter  and  mercury  sulfate  (EG&G 
PARC,  Princeton,  NJ)  reference  electrodes  isolated  in  0.1  M  KQ  from  the  0.75-mL  working 
electrode  chamber  via  a  Vycor  "thirsty  glass"  frit  All  voltammetry  was  accomplished  with 
software  for  square  wave  voltammetry  implemented  on  a  Digital  Equipment  Corporation  pdp/8e 
microcomputer,  which  was  used  to  control  an  EG&G  PARC  273  potentiostat  (16).  The  working 
electrode  chamber  was  deaerated  with  argon.  Temperature  was  controlled  in  the  jacketed 
electrochemical  cell  to  25  ^  with  a  circulating  water  bath.  Hydrochloric  acid  and  potassium 
chloride  (Fluka)  were  used  as  received  (puriss.  grade).  The  compound  4-hydroxy-2,2',6,6'- 
tetramethylpiperidine-oxy,  or  TEMPOL  (Aldrich  reagent),  was  used  as  received.  EPR  lines  were 
measured  with  an  IBM/Bniker  ER-200SRC  X-band  EPR  spectrometer,  at  ambient  temperature 
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(21  ®C)  in  a  Varian  aqueous  solution  (flat)  cell,  for  deaerated  latex,  <p  =  0.0505,  with  0.2  mM 
TEMPOL  at  various  KCl  concentrations. 

Results  and  Discussion 

C^ontinuous  iridescence  was  taken  to  indicate  the  crystalline  phase  of  the  latex. 

(Complete  disorder  cannot  be  judged  by  iq)pearance;  ordered  regions  in  coexistence  with 
disordered  regions  may  have  the  appearance  of  "crystallites"  or  may  not  show  iridescence  if 

ordered  regions  are  too  small.  This  is  corroborated  by  measurements  of  viscosity  of  suspensions. 
The  variation  in  the  relative  viscosity,  “n/flo,  where  tJo  is  the  viscosity  of  pure  water  at  25  ^C, 

with  volume  fraction  at  various  electrolyte  concentrations  is  shown  in  Figure  1.  A  condition  of  no 
electrostatic  interactions  corresponds  to  the  straight  flowest)  line  in  Figure  1,  which  illustrates  the 
fantiliar  Einstein  relation  for  viscosity  of  a  suspension  of  non-interacting  (uncharged)  hard  spheres, 

tl/Tlo=H-2.5<p.  (1) 

Because  of  interactions  of  charged  particles,  and  in  contrast  with  the  viscosities  of  dilute 
solutions  and  suspensions  of  uncharged  particles,  viscosities  of  concentrated  suspensions  of 
charged  particles  depart  from  a  linear  dependence  on  tp  (1, 17).  Viscosity  decreases  srrxx)thly 
with  decrease  in  volume  fraction  as  shown  in  Figure  1.  As  shown  in  Figure  2,  it  also  decreases 
smoothly  with  increase  in  the  concentration  of  added  electrolyte. 

For  this  latex,  only  suspensions  with  relative  viscosity  values  of  1.5  or  greater  are  visibly 
iridescent.  The  lowest  added  electrolyte  concentration  used  (0.01  mM  KCl)  showed  a  "break"  in 
the  viscosity  curve  with  a  loss  of  iridescence,  but  no  other  obvious  order-disorder  transition  is 
observed  in  any  of  the  measured  viscosity  values.  A  large  fraction  of  the  combinations  of  volume 
fraction  and  electrolyte  concentration  fall  below  the  iridescent  ordered  state  and  above  the  line  for 
non-interacting  spheres;  there  is  likely  to  be  a  continuous  variation  in  the  sizes  of  ordered  regions 
in  coexistence  with  disordered  regions  as  the  transition  is  crossed.  This  is  consistent  with  the 
representation  of  the  same  in  Figure  2,  which  shows  only  smooth  changes,  without  any  sharp 
order-disorder  transition. 
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At  extremely  small  values  of  added  electrolyte  the  major  source  of  ions  in  latex  is  the 
ionogenic  groups  of  the  colloid  surface.  In  deionized  colloids,  this  counterion  is  proton,  which 
is  derived  from  dissociation  of  surface  acid  groups  of  the  micrc^articles.  The  surface  charges  of 
these  particles  are  provided  by  sulfate  groups  (manufacturer's  literature).  They  arc  strong  acids, 
completely  dissociated  even  in  concentrated  suspension.  C^nductimetric  titration  data  are 
consistent  with  the  strong  acid  nature  of  the  surface  groups  (13, 14).  Figure  3  presents  a 
conductimetric  titration  curve  of  0.106  iim  latex  suspension  with  dilute  NaOH. 

Square  wave  voltammograms  for  reduction  oton  are  shown  in  Figure  4  for  0.43  mM 
HCl  and  for  a  suspension  of  0.106  pm  particles  (0.31  mM  H‘*0,  both  with  0.5  mM  KCl.  The 
usual  hydrogen  adsorption  waves  on  Pt  are  normally  observed  at  the  foot  of  the  hydrogen 
reduction  wave  at  higher  frequencies,  but  are  not  seen  at  this  extremely  low  frequency.  Ihe 
identical  position  and  shape  of  the  waves  (including  the  adsorption  waves  at  higher  frequency)  in 
both  dilute  HQ  and  in  latex  suspension  are  used  to  verify  that  indeed  the  reduction  investigated  in 
suspensions  is  that  of  proton. 

The  nearly  steady-state  current  at  the  plateau  of  wave  1  in  Figure  4  is  limited  by  diffusion 
and  migration.  (At  steady-state  the  forward  and  reverse  currents  should  be  the  same.)  Because  we 
desire  to  use  this  current  as  a  probe  of  strucnire  in  the  suspensions,  and  to  manipulate  the  structure 
by  changing  electrolyte  concentrations,  we  need  to  normalize  the  measured  currents  by  those 
measured  at  the  same  concentration  of  electrolyte  in  the  absence  of  the  colloid.  This  is  done  in  the 
following  way. 

Figure  5  shows  the  diffusion-limited  current  for  reduction  of  proton  in  0.5  M  KQ.  Theory 
predicts  that  for  these  conditions  the  maximal  current  is  within  6%  of  the  steady-state  value,  and 
the  near  coincidence  of  the  limiting  values  (as  in  Figure  4)  confirms  that  the  steady  state  is  nearly 
achieved.  The  steady-state  (plateau)  current  limited  by  diffusion  alone  is  given  by  (18) 

i  =  4nFDCr,  (2) 

where  n  (stoichiometric  number  of  electrons  transferred)  =  1,  F  is  the  value  of  the  Faraday 
constant,  D  is  the  diffusion  coefficient  of  H"*”,  C  is  the  concenu^tion  of  and  r  is  the  electrode 
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radius.  The  slope  of  line  2  of  Figure  5  and  equation  2  can  be  combined  to  give  values  for  Dh"*"/ 
cm^  s*^  =  0.91  X  10'^  (0.1  M  KCl)  and  0.84  x  10"^  (0.5  M  KCl).  These  values  assume  that  the 
measured  currents  are  steady-state  currents.  Published  values  are  0.93  x  10"'^  (from  mobility  at 
infinite  dilution)  (19, 20)  and  0.75  x  10^  (1  M  KQ)  (21). 

Plateau  currents  for  reduction  of  IT’’  fipom  HQ  in  the  absence  of  added  electrolyte  are  used 
to  construct  the  calibration  plot  for  steady-state  proton  reduction,  line  1  in  Hgure  5.  The  currents 
at  any  point  on  the  curve  are  greater  than  those  predicted  from  diffusional  transport,  given  by  line 

2.  The  contribution  of  migration  to  the  transport  of  proton  decreases  with  added  electrolyte.  For 
reduction  of  a  singly  charged  cation,  the  ratio  of  the  steady-state  transpon-limited  current,  iy,  to  the 

diffusion-limited  current,  i^j,  decreases  from  2  to  1  with  the  following  dependence  on  y,  the  ratio  of 

electrolyte  to  proton  concentration  (22): 

Ly/id  =  2-^2y.[(l-H2Y)2-l]l/2,  (3) 

Limiting  currents  for  HCl  measured  at  various  values  of  y  are  normalized  by  dividing  by  the 
appropriate  value  of  i  ^  obtained  from  line  2  of  Figure  5.  Normalized  values  are  plotted  with  the 

theoretical  curve  (equation  3)  in  Figure  6.  As  noted  above,  the  value  of  D  depends  on  ionic 
strength.  Srictly  speaking,  the  normalizing  factor  should  be,  not  i^j  (0.5  M  KQ),  but  rather  i^j  (0.5 

M  KQ)  D(x  M  KQ)/D  (0.5  M  KQ).  The  systematic  positive  deviation  of  measured  values  from 
the  theoretical  curve,  and  difference  between  different  concentrations  of  HQ,  arise  from  this 
simplification.  For  example  the  maximum  concentration  of  KQ  in  Figure  6  is  0.10  M,  and  D  (0.1 
M)/  D  (0.5  M)  =  1.083.  The  data  of  Figures  5  and  6  describe  the  dependence  of  limiting  current 
on  the  concentration  of  indifferent  electrolyte  in  homogeneous  solution,  thus  they  serve  to  calibrate 
the  results  of  similar  experiments  in  latex  suspensions. 

We  also  have  measured  limiting  currents  for  oxidation  of  TEMPOL,  a  neutral  molecule. 

The  comp>ound  TEMPOL  is  oxidized  quasireversibly  in  aqueous  solution,  with  loss  of  a  single 
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electron  to  form  the  oxoammonium  cation; 


A  square-wave  voltammogram  for  oxidation  of  TEMPOL  is  shown  in  Figure  7.  Unlike  those  for 
proton  reduction,  plateau  current  values  for  TEMPOL  arc  diffusion-limited  even  in  the  absence  of 
inert  electrolyte,  as  one  would  expect  for  a  neutral  molecule.  FOT0<[KQl/mM<10,  iTEMPOL^*^ 

=  7.34  ±  0. 15  at  2.25  mM  TEMPOL.  Thus  TEMPOL  provides  a  probe  of  local  viscosity  and 
transpon-limited  current,  independent  of  interactions  with  latex  spheres  or  variations  in  solution 
conductivity.  The  transport-limited  current  is  not  necessarily  the  same  under  these  conditions  as 
the  diffusion-limited  current  observed  in  homogeneous  solution,  because  the  volume  occupied  by  a 
particle  is  inaccessible  to  diffusion. 

Currents  for  oxidation  of  TEMPOL  measured  for  latex  suspensions  are  compared  with  the 
values  predicted  in  the  absence  of  the  colloid  in  Table  1.  Tredicted  current  values  for  TEMPOL  are 
calculated  directly  from  the  added  concentration  and  a  diffusion  coefficient  value  of 

sec'^  =  0.63  X  10'^  (10  mM  KCl),  which  was  determined  using  the  concentration  plot  of  Figure 
8.  Current  ratios  for  TEMPOL  are  less  than  unity  in  the  latex,  and  they  decrease  by  about  10%  in 
the  transition  from  ordered  to  disordered  latex.  Diffusion  coefficients  are  expected  to  be  less 
within  latex  suspensions  (23)  because  of  the  excluded  volume  of  the  particles.  For  polystyrene 
latices,  self-diffusion  of  water  is  observed  by  pulsed  H-nmr  to  have  D/Dq  =  0.953  for  9=0.096. 

The  decrease  in  current  ratio  with  disordering  of  the  latex  is  consistent  with  partial  blocking  of  the 
electrode  as  the  particle  positions  are  randomized  in  the  disordered  state,  but  the  effect  is  certainly  a 
small  one.  In  general,  the  current  ratios  for  TEMPOL  indicate  that  diffusion  coefficients  measured 
for  any  species  will  be  less  in  a  latex  suspension  than  in  homogeneous  solution,  and  that  the 
neutral  molecule  is  insensitive  to  changes  in  the  ordering  of  the  latex  effected  by  added  electrolyte. 
Linewidihs  for  TEMPOL  measured  by  EPR  spectroscopy  are  also  insensitive  to  variations  ir  added 
electrolyte  concentration.  When  an  F-test  is  applied,  variances  of  averaged  linewidths  are  not 
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significantly  different  from  variances  of  a  linear  fit  of  linewidths  to  a  monotonic  increase  in  added 
electrolyte  concentration.  The  linewidth  does  not  change  significantly  from  ordered  to  disordered 
latex,  thus  the  local  viscosity,  as  expected,  is  not  changed  by  particle  ordering. 

Table  2  presents  the  measured  limiting  currents  and  their  normalized  values  for  proton 
reduction  in  latex.  For  proton  reduction  in  HQ,  the  predicted  values  are  the  product  of  i^  for 
titrated  [H^]  and  the  appropriate  excess  electrolyte  ratio  iy/  ij-  The  normalized  value  is  the  ratio  of 

the  value  in  latex  to  the  prediaed  value  in  latex-free  solution  of  the  same  compositicxi.  The  effect 
of  changes  in  electrolyte  concentration  on  the  transport  of  proton  in  the  latex  is  dramatically 
different  from  the  effea  of  the  same  changes  on  TEMPOL  diffusion.  The  decreased  ddiffusivity 
of  TEMPOL  in  the  latex  suspensions  is  relatively  insensitive  to  ordering  of  the  latex.  The 
normalization  procedure  employed  here  accounts  for  changes  in  transport  due  to  changes  in 
migration  current,  in  the  case  of  proton. 

Two  points  are  important  to  observe  in  Table  2.  First  is  the  increase  in  limiting  current  for 
proton  reduction  with  added  electrolyte.  The  second  is  that  the  normalized  values  are  nearly  the 
same  at  a  given  electrolyte  concentration  for  all  volume  fractions.  Averaged  current  ratios  are 
plotted  in  Figure  9.  A  noticeable  change  in  the  transport  of  proton  as  represented  by  normalized 
current  values  is  seen  for  these  concentrations  of  KQ,  which  effect  an  order  to  disorder  state  in  the 
suspicnsions  over  the  concentration  range  shown. 

Transport  of  proton  has  been  measured  voltammetrically  in  the  region  of  an  order-disorder 
transition  in  suspensions  of  colloidal  polymer  particles.  Our  preliminary  work  shows  that 
diffusion  of  a  neutral  molecule  is  largely  unaffected  by  changes  in  order  of  a  colloidal  suspension, 
while  the  transpon  of  proton  is  dramatically  increased  over  the  same  region.  We  effect  an  order- 
disorder  transition  by  changes  in  the  ionic  stength  of  the  suspension  with  added  inert  electrolyte, 
thus  we  have  normalized  the  current  measured  for  reduction  of  proton  in  latex  suspension  with 
currents  predicted  for  the  same  proton  concentration  in  the  absence  of  the  colloid.  To  predict  the 
current  in  the  latex-free  solution,  we  have  used  a  model  for  similar  reductions  in  homogeneous 
solution  which  predicts  the  changes  of  transport-limited  currents  of  ions  with  changes  in 
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concentration  of  inert  electrolyte.  We  have  not  quantitatively  related  our  observations  of  transport 
of  proton  in  latex  suspension  to  factors  effecting  the  order-disorder  transition.  However, 
normalized  values  of  the  current  for  reduction  of  proton  in  suspensions  of  charged  polymer 
colloids  exhibit  sensitivity  to  the  presence  of  the  particles  in  a  manner  which  is  not  predicted  by 
single  excluded  volume  or  ionic  strength  considerations. 
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Table  1.  Limiting  currents  for  oxidation  of  TEMPOL  in  suspensions  of  latex  and  predicted  values 
without  laiex.^ 


<p 

[TEMPOL]a 

AnM 

added 

[KClja 

/mM, 

added 

i  MA 
with  latex, 
measured 

i^AiA 

without  latex, 
calculated 

Ratio^ 

0.0505 

1.91 

0 

4.2 

5.8 

0.72 

3.2 

3.8 

0.66 

0.101 

0.83 

0 

1.9 

2.5 

0.75 

3.2 

1.7 

0.67 

^  Corrected  for  volume  fraction  of  water. 

^  Calculated  with  D^mpol/  ^  ^  ^  ^  r^  =  12.5  pm. 


^  Ratio  of  the  current  in  the  presence  of  latex  to  that  without  latex. 
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Table  2.  Limiting  currents  for  proton  reduction  in  latex  suspension  and  prcdiaed  values  for 
comparable  proton  concentrations  in  the  absence  of  colloid,  over  a  range  of  added  [KCl]. 


<p 

Titraiable  [H+J^ 
/mM 

Added  [Kaj^ 

/  mM 

*  1,  latex 
/nA 

/nA 

Ratio*^ 

0.03 

0.31 

0 

0.2 

24.6 

0.01 

0.1 

3.2 

16.5 

0.19 

0.2 

4.9 

15.1 

0.32 

0.3 

5.1 

14.4 

0.35 

0.4 

6.2 

14.0 

0.44 

0.5 

6.1 

13.7 

0.44 

10 

9.1 

12.4 

0.73 

0.0505 

0.52 

0 

2.3 

41.2 

0.06 

0.1 

6.5 

29.4 

0.22 

0.2 

9.1 

27.0 

0.34 

0.3 

11.0 

26.2 

0.43 

0.4 

11.0 

25.8 

0.44 

0.5 

11.7 

24.3 

0.48 

10 

16.1 

20.9 

0.77 

0.075 

0.79 

0 

3.7 

62.4 

0.05 

0.1 

9.7 

46.7 

0.21 

0.2 

14.8 

42.9 

0.34 

0.3 

17.3 

40.9 

0.42 

0.4 

18.7 

39.3 

0.48 

0.5 

18.0 

38.2 

0.47 

0.101 

1.09 

0 

9.0 

86.2 

0.10 

0.1 

13.7 

66.8 

0.21 

0.2 

19.0 

62.1 

0.31 

0.3 

20.9 

58.6 

0.36 

0.4 

24.3 

56.9 

0.43 

0.5 

24.5 

54.9 

0.45 

10 

33.6 

44.2 

0.76 

^  Obtained  by  conductimetric  titration,  corrected  for  volume  fraction  of  water. 

^  Corrected  for  volume  fraction  of  water. 

®  i  ijjQ  is  calculated  from  the  interpolated  value  from  line  2  of  Figure  5  multiplied  by 
iyy  for  the  appropriate  excess  electrolyte  ratio. 

“  '1,  latex' 'l.HCl 


/9-f 
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Figure  Captions 

Figxire  1.  Relative  viscosity  (ti/tIq)  of  suspensions  of  0.106  pm  latex  vs.  volume  ftaction  <p  for 
deionized  and  electrolyte-added  suspensions;  T  =  25.0  ®C,  T|q  =  0.8904  cp.  Concentrations  of 
added  KCl:  (o)  0,  (A)  0.01,  (v)  0.1,  (♦)  0.25,  (*)  0.5  mM,  (—)©  (theory). 

Figure  2. 

Relative  viscosity  (ti/tIq)  of  latex  suspension  vs.  KCl  concentration;  T  =  25  ®C,  tIq  =  0.8904  cp. 
Volume  fractions  <p:  (♦)  0..03.  (v)  0.0505,  (A)  0.075,  (o)  0.101. 

Figure  3. 

Conductimetric  titration  of  ion-exchanged  latex  suspension  with  NaOH. 

Figi  4. 

Forward  (A)  and  reverse  (v)  square  wave  currents  for  reduction  of  proton  at  Pt,  disk  radius  12.5 
pm;  (1)  0.43mMHCl,  0.5  mM  KCl;  (2)  latex  suspension,  (p  =  0.03,  0.5  mM  KCl; 

Eg  =  10  mV,  =  25  mV,  f  =  0.5  Hz. 

Figure  5. 

Square  wave  forward  limiting  currents  for  proton  reduction  at  Pt,  disk  radius  12.5  pm; 

(1)  HCl  alone;  (2)  HCl  with  0.5  M  KCl;  Eg  =  10  mV,  E^^  =  25  mV,  f  =  0.5  Hz. 

Figure  6. 

Theoretical  (o)  and  measured  ratios  of  iyi^j  for  concentrations  of  HCl:  (x)  0.86  mM,  (*)  1.29 

mM,  (+)  1.77  mM,  (♦)  2.14  mM.  While  no  curve  fitting  is  intended,  a  single  line  has  been 
drawn  through  the  measured  values  to  guide  the  eye. 
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Figure  7. 

Square  wave  forward  (A)  and  reverse  (v)  currents  for  oxidation  of  2.25  mM  TEMPOL  in  10  mM 
KCl  at  Pt,  disk  radius  12.5  nm;  =  10  mV,  E^^  =  25  mV,  f  =  0.5  Hz. 


Figure  8. 

Limiting  forward  currents  for  oxidation  of  TEMPOL  at  Pt,  disk  radius  12.5  nm,  vs.  concentration 
of  TEMPOL;  Eg  =  10  mV,  Ej^  =  25  mV.  f  =  0.5  Hz. 


Figure  9. 

Averaged  current  ratios  i  j  jatex^  ^  1,  HCl  proton  reduction  in  latex  suspension,  i  j  jjq  is 
calculated  from  the  interpolated  value  from  line  2  of  Figure  5  multiplied  by  (equation  3)  for 

the  appropriate  excess  electrolyte  ratio. 
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(/^  COULOMETRIC  INITIATION  OF  MICROEMULSION  POLYMERIZATION 
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Rochester,  N.Y.  14652-3708,  and  tPhotographic  Research  Laboratories,  Eastman 
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Abstract: 

The  coulometric  initiation  of  acrylamide  polymerization  in  an  Aerosol  OT  (AOT)- 
toluene  inverse  microemulsion  (water  in  oil)  have  been  studied  using  Pt  /  Nation  solid 
polymer  electrodes  (SPE).  Electrolytic  polymerization  in  the  highly  resistive  toluene 
media  is  accomplished  when  an  SPE  is  used  to  separate  the  non  conductive  inverse 
microemulsion  phase  from  a  +N(CH3)4  *C!  (TMACl)  aqueous  electrolyte  phase.  The  Pt 
coated  side  is  of  the  SPE  is  placed  in  contact  with  the  microemulsion  phase  and  current 
flows  through  the  polymer  between  the  two  inmisible  phases.  Polymerization  is  initiated 
by  the  constant  potential  electrolytic  reduction  of  K2S2O0  (radical  initiator)  in  the 
microemulsion.  Solution  suspended  latex  particles  (with  turbidimetry  of  165  NTU's),  and 
solid  polyacrylamide  are  obtained.  The  electrolyticaly  produced  polymers  where 
characterized  by  light  scattering,  electrolytic  charge  and  average  molecular  weight. 
Cyclic  and  square  wave  voltammetry  at  ultramicroelectrodes  was  used  to  probe  the 
electrochemical  characteristics  of  inverse  microemulsion  over  a  wide  acrylamide 
concentration  range.  The  oxidative  signal  of  acrylamide  monomer,  in  the  water  swollen 
inverse  micelles,  was  found  to  be  dependent  on  the  charge  carriers  inside  the  micelles 
and  not  on  added  non  ionic  electron  mediators  solublized  in  the  toluene  phase. 
Voltammetiy  of  K4Feii(CN)6  /  K4Feiii(CN)@  in  the  inverse  microemulsion  is  similar  to  that 
observed  in  aqueous  solutions.  The  oxidative  peak  currents  obtained  are  approximately 
what  is  predicted  for  the  Ferrocyanide  concentration  inside  the  inverse  micelles. 
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—  Introduction  — 

Since  the  introduction  of  ultramicroelectrodes  (UME's,  1-4)  electrochemical 
investigations  in  highly  resistive  media  have  possible.  The  attractive  characteristics  of 
UME's  have  made  voltammetric  studies  possible  in  solvents  such  as  acetonitrile  (3,4), 
benzene  (5),  heptane  (6),  hexane  (7),  and  toluene  (8),  in  some  cases  without  purposely 
added  electrolyte.  Since  this  electrodes  draw  small  currents,  generally  nA  for  10  pm 
diameter  electrode,  they  are  not  subject  to  large  uncompensated  (iR)  voltage  drops  . 
Typically,  for  a  solution  resistances  of  a  few  kn  and  a  InA  current  flow  the  iR  drop  of  a 
few  mV's  are  obtained.  These  characteristics  make  UME's  excellent  probes  for 
electrochemical  studies  in  highly  resistive  media. 

Recently,  carbon  UME's  have  been  successfully  used  to  probe  non-conductive 
inverse  microemulsions  (water-in-oil,  9)  Microemulsion  are  thermodynamically  stable,  oil 
/  water  systems  which  are  stabilized  by  and  Interfacial  surfactant  layer  (10).  In  contrast  to 
emulsions,  which  are  opaque,  unstable  and  macrodisperse,  microemulsions  are 
transparent  and  stable  with  particle  sizes  ranging  between  50-100  A.  Microemulsions  are 
of  interest  primarily  for  their  capability  for  dissolving  both  hydrophobic  and  hydrophilic 
solutes.  Given  the  microscopic  organization  and  the  stability  of  microemulsions,  they  are 
of  particular  interest  to  analytical  chemistry. 

Although  UME's  can  be  used  to  probe  such  resistive  media  as  inverse 
microemulsions,  bulk  electrolytic  investigations  in  these  highly  resistive  media  have  not 
been  possible.  Thus,  the  scope  of  usefulness  of  microemulsions  has  been  limited  to  the 
study  of  the  phisico-chemical  aspects  of  these  mixed  media.  To  our  knowledge,  no 
reports  on  the  use  of  inverse  microemulsions  for  the  electrosynthesis  of  stabilized  redox 
active  materials  have  been  reported  to  date.  In  contrast  to  the  oil  in  water 
microemulsions,  which  display  a  fairly  high  electrical  conductivity  and  to  which 
electrolytes  can  be  added,  the  inverse  microemulsions  are  poor  electrical  conductors. 
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Thus  conventional  bulk-electrolytic  methods  are  ineffective  in  these  highly  resistive 
media.  Addition  of  ionic  species  to  the  hydrophobic  phase  of  the  emulsion  is  not  possible 
without  disturbing,  or  destroying  the  equilibrium  of  the  system. 

We  report  here  the  use  of  solid  polymer  electrodes  (SPE's)  in  the  bulk 
electrolysis  of  hydrophilic  electroactive  redox  species  in  an  inverse  microemulsion.  Bard 
and  co-workers  (11,12)  have  demonstrated  the  usefulness  of  Pt-SPE  for  voltammetric 
investigations  in  acetonitrile  without  purposely  added  electrolyte,  tertahydrofuran,  and 
toluene.  Ogumi  et.  al.  (13)  reported  the  use  of  SPE's  for  the  electro-hydrogenation  of 
olefins  in  hexane  at  constant  current.  Other  uses  of  SPE's  have  been  proposed  for 
electrosynthesis  (14-16).  We  have  studied  the  redox  initiated  electropolymerization  of 
acrylamide  via  persulfate  reduction  (K2S2O8)  in  Aerosol-OT  (AOT)  /  toluene  inverse 
microemulsions.  This  system  has  been  extensively  studied  by  Candau  et.  al  (17,  and 
references  therein).  Candau  and  co-works  have  studied  the  thermal  and  UV 
polymerization  of  acrylamide  monomers  in  Inverse  microemulsions  with  a  azobisiso- 
butyronitrile  (AIBM)  hydrophobic  initiator.  They  have  characterized  both  the  inverse 
micelles  and  the  polymerized  acrylamide  latex  particles  in  the  microemulsion  via  ultra¬ 
centrifugation,  light-scattering,  viscosity  and  molecular  weight  distribution.  These  studies 
will  serve  as  a  point  of  reference  our  investigations,  in  which  we  will  compare  the 
differences  of  using  hydrophobic  (AIBM)  and  hydrophilic  (K2S2O8)  initiators. 

We  also  report  here  the  use  of  UME's  as  probes  for  the  redox  chemistry  of  these 
systems.  Potassium  Ferrocyanide  (K4Feii(CN)6)  has  been  used  to  characterize  the  ability 
of  charge  transfer  to  and  from  the  UME  to  hydrophilic  redox  active  species  in  the  inverse 
microemulsion. 

—  Experimental  — 


E.  Garcia,  and  J.  Texter;  Draft  Manuscript 
-3- 


Electrochemical  measurements  were  made  with  a  BAS  100a  Electrochemical 
Analyzer  with  a  faraday  cage  and  PA1  preamplifier  (Bioanalytical  Systems,  Inc.;  West 
Lafayette,  Indiana).  2p.m  Pt  and  10  pm  R  and  carbon  ultramicroelectrodes  (UME's)  where 
used  for  all  fast  cyclic  and  square  wave  vottammetric  (REF)  investigations  (Bioanalytical 
Systems,  Inc.;  West  Lafayette,  Indiana).  All  solutions  were  extensively  deaerated  with 
toluene  saturated  N2  before  electrochemical  investigation.  All  LIME  working  electrodes 
were  successively  polished  with  6,  3,  1,  and  0.25  pm  diamond  paste.  A  large  surface 
area  reticular  vitreous  carbon  (RVC)  was  employed  as  a  counter  electrode  and  all 
potentials  were  referenced  to  an  aqueous  saturated  calomel  electrode  (SCE). 

Microemulsion  solutions  were  prepared  by  previously  published  procedures 
(17)  by  adding  the  aqueous  solutions  mixtures  (Table  1)  to  a  solution  of  AOt  in  toluene  in 
the  appropriated  proportions.  Toluene  (Kodak  xxx),  Aerosol-OT  (German  xxx), 
Acrylamide  (Kodak  xxx),  K4Feii(CN)0  (xxx)  and  K2S2O8  (xxx)  where  used  as  received. 

Solid  polymer  electrodes  where  prepared  by  the  establish  procedure  (11,18). 
E.l.  du  Pont  Nation  -115  (Aldrich  Chemical  Co.,  Milwaukee,  Wisconsin)  polymer  was 
boiled  in  50%  nitric  acid  for  3  hrs.  and  then  Milli-Q  water  (Continental  Water  Systems,  El 
Paso  Texas)  for  5  hrs.  The  polymer  was  then  clamped  between  to  half  cells  (exposed 
polymer  diameter  approximately  25  mm)  with  on  compartment  containing  0.2  M 
Hydrazine  (Kodak  xxx)  in  a  pH=13  NaOH  solution,  and  the  other  containing  K2PtCle  in  a 
pH=2  HCI  solution  as  should  in  Figure  la.  The  cell  was  allowed  to  stand  for  24  hrs.  while 
constantly  stirred  in  both  half  cells.  The  membrane  was  converted  to  the  Na+  form  by 
allowing  it  to  stand  in  the  cell  with  pH  =2  HCI  for  two  hrs.  Afterwards,  the  HCI  solution  is 
discarded  and  the  cell  is  rinsed  with  milli-Q  water  and  filled  with  1 M  NaOH  and  allowed  to 
react  over  night. 

During  electrolysis  the  SPE  is  clamped  between  to  half  cells  of  a  smaller 
exposed  electrode  area  (exposed  SPE  diameter  approximately  20  mm  diameter).  The 
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solution  facing  the  SPE  is  filled  with  25  mL  of  working  solution  (mixture  of  acrylamide  / 
water  /  K2S2O8,  and  AOT  /  toluene)  and  deaerated  with  Ng.  The  un-platinized  side  of  the 
electrode  faced  the  auxiliary  electrode  compartment.  The  auxiliary  electrode  half  cell  was 
filed  with  a  1.0  M  aqueous  tetramethyl  ammonium  chloride  (TMACI,  Southwestern 
Analytical,  Austin  Texas  xxx).and  is  where  the  aqueous  reference  electrode  (SCE  )  is 
placed,  as  shown  in  Figure  1b.  Contact  was  made  to  the  working  electrode  by  clamping 
and  alligator  clip  onto  the  exposed  platinized  polymer.  When  the  SPE  potential  is 
sweeped  to  where  the  substrate  in  the  working  solution  is  reduced  or  oxidized,  an  ionic 
migration  through  the  membrane  occurs  in  order  to  maintain  electroneutrality  (Figure  1b). 
Concurrently,  the  opposite  reaction  occurs  at  the  auxiliary  electrode  in  the  aqueous 
electrolyte.  Thus,  electrolysis  is  carried  out  In  the  microemulsion  without  the  need  of 
purposely  added  electrolyte. 

During  UME  voltammetric  investigations  a  single  compartment  cell  is  used.  In 
this  set-up  a  Pt  wire  is  used  as  an  auxiliary  electrode  the  SCE  reference  is  placed  directly 
in  the  inverse  microemulsions  solutions.  Although  leakage  from  the  aqueous  reference 
electrode  could  effect  the  inverse  microemulsion  equilibrium,  no  change  in  the 
voltammetric  response  was  observed  during  these  studies.  The  amount  of  KCL-water 
leaked  into  the  inverse  microemulsion  is  thought  to  be  neglegable  in  the  voltammetric 
time  scale. 

—  BgSUltg-— 

—  Voltammetry — 

Estimates  of  possible  background  redox  chemistry  can  be  obtained  from 
voltammetric  investigation  of  a  toluene  -AOT  mixture(solution  A,  Table  1).  Cyclic  and 
square  wave  voltammograms  for  the  amphiphilic  AOT  in  toluene  solution  mixtures  are 
shown  in  Figure  2.  The  cyclic  voltammogram  (CV)  appears  to  be  totally  non-faradaic. 
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The  positively  and  negatively  going  scans  are  separated  by  double-layer  charging 
currents.  Similarly,  the  oxidative  and  reductive  square  wave  voltammograms  (SWV) 
show  no  faradaic  processes,  Figure  2b  and  2c  respectively.  The  lack  of  faradaic  process 
within  the  scanned  potential  window  is  not  expected.  The  oxidation  of  AOT  might  be 
possible  within  the  given  scanned  potential,  as  well  as  the  oxidation  of  toluene  (oxidation 
Ei/2  ~  +2.XXX  V  vs.  SCE,  19  and  references  therein).  The  absence  of  faradaic  processes 
within  the  6.4  volts  potential  scan  is  most  probably  due  to  the  lack  of  charge  carriers  in  the 
solution.  Although  and  estimated  xx.x  mM  concentration  of  AOT  is  present,  it  does  not 
ionized  in  the  absence  of  water. 

An  better  estimate  of  the  background  current,  that  given  by  the  oxidation  of  HgO, 
AOT,  or  toluene,  was  obtained  from  an  inverse  microemulsion  containing  only  water  - 
toluene  and  AOT  (solution  B  Table  1).  An  oxidative  SWV  for  solution  B  is  shown  in  Figure 
3a.  No  peaks  were  observed,  within  0  and  +2.2  Volts  vs.  SCE.  An  sloping  anodic  current 
was  observed  between  +0.8  and  +2.2  volts  with  about  0.64  nA  current  at  +2.2  volts.  When 
the  same  scan  (obtained  with  the  same  electrodes)  is  is  performed  on  an  inverse 
microemulsion  containing  4.4%  acrylamide  (AM,  solution  C)  a  broad  oxidation  peak  is 
observed  at  +1.71  volts  vs.  SCE.  The  peak  current  at  1.71  volts  is  23  nA,  or  36  times  that 
of  the  background.  Thus  this  peak  is  directly  related  to  the  addition  of  AM. 

—  Electrolysis — 

Solution  C,  Table  1,  was  electrolysis  with  a  Pt-SPE  until  the  current  for  the 
reduction  of  K2S2O8  was  either  10  or  50  %  of  the  original  current  [ijnitiai  /  (10  or  2)  =  ifjnai]- 
For  the  10%  electrolysis,  the  resulting  electrolyzed  microemulsion  solution  was  opaque 
with  a  slightly  bluish  tint,  similar  to  that  reported  by  Candau  and  co-workers  (17).  The 
turbidimetry,  measured  with  an  XXX  turbidimetry  and  referenced  to  the  microemulsion 
before  electrolysis,  of  the  10%  electrolysis  solution  was  35  NTU's  (National  Turbidimetry 


~Z04 
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Units).  If  the  electrolysis  is  extended  to  50  %,  solid  polyacrylamide  precipitates  on  the  cell 
walls  and  on  the  electrode  surface.  The  turbidimetry  of  the  decanted  (suspended)  portion 
of  the  electrolyzed  microemulsion  was  obtained  at  165  NTU's. 
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Table  1  Grams  of  materials  used  to  prepare  microemulsion  solutions. 


Microemulsion 

Toluene 

AOT 

AM 

HgO 

K2S2O3 

K4Fell(CN)6 

K2SO4 

A 

70.39 

17.7 

B 

70.39 

17.7 

8.00 

C 

70.39 

17.7 

3.3 

8.90 

D 

70.39 

17.7 

4.4 

7.85 

0.044 

E 

70.39 

17.7 

5.0 

7.23 

F 

70.39 

17.7 

4.4 

7.85 

G 

70.39 

17.7 

2.2 

10.0 

H 

70.39 

17.7 

1.1 

11.1 

l§ 

70.39 

17.7 

0.5 

11.7 

J§ 

70.39 

17.7 

0.1 

12.1 

K 

70.39 

17.7 

5.0 

7.23 

1.2 

L 

70.39 

17.7 

11.2 

1.0 

1.2 

§  These  solutions  are  not  inverse  microemulsions,  but  inverse  emulsions.  They 

appeared  opaque  and  upon  standing  for  10  mins,  a  phase  separation  was  observed. 
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Table  2  Approximate  aqueous  molar  concentrations  for  prepare  microemulsion 
solutions. 


Microemulsion 

HgO  (g) 

[AM] 

[K2S2O8] 

K4Fell(CN)6] 

[K2SO4] 

B 

8.00 

C 

8.90 

8.01 

D 

7.85 

9.83 

0.0276 

E 

7.23 

12.1 

G 

10.0 

3.86 

H 

11.1 

1.74 

I 

11.7 

0.75 

J 

12.1 

0.14 

K 

7.23 

12.1 

0.6713 

L 

10.2 

0.2427 

0.6713 
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Figure  1) 


A)  Electrochemical  cell  configuration  B)  Schematic  diagram  for  electrochemistry 
with  SPE’s  in  highly  resistive  media. 

Figure  2) 

Voltammetry  of  Solution  A  (AOT  in  Toluene,  see  Table  1)  at  a  10  ^im  R 
UME.  A)  Cyclic  voltammogram  at  500  mV/ sec..  Square  wave  voltammograms  at  131  Hz, 
40  mV  AC  amplitude,  and  4  mV  step  height;  B)toxidative  scan,  U)  reductive  scan. 

Figure  3) 

Oxidative  square  wave  voltammetric  scan  at  a  lOpm  R  UME,  at  131  Hz,  40  mV  AC 
amplitude,  and  4  mV  step  height  for;  A)  solution  B  (i)  net  current,  S=200  pA  (ii)  Forward 
and  Reverse  currents,  S=  0.625  nA.  B)  Solution  C,  4.4  %  Acrylamide  in  inverse 
microemulsion  (i)  Net  current,  S=  5nA.  (ii)  Forward  and  reverse  currents,  S=  2.5  nA. 


Figure  4)  Cyclic  ^  ^  | 

^  ,  5  =  10  s  --  5 
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RVC  Auxiliar  SCE  Reference  Pt- SPE  Working  ELectrode 
Electrode .  Electrode 
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Figure  IB 


